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Abstrakt

Ocekava se, ze harvestorova technologie bude navzdory zménam ve skladbé
lesnich porosti po nedavné kirovcové kalamité a zintenzivnéni vyuzivani piirodé
blizkého hospodateni v lesich i nadéle ve velké mife vyuZivana. V Ceské republice se
v roce 2022 harvestory podilely na 43 % tézby. Publikované ¢lanky v této praci mély za
cil analyzovat typy cen pro stanoveni objemu vyiezli a metody odpoctu kiiry vyuzitelné
ve standardu StanForD, vcetné¢ analyzy objemovych rozdili mezi jednotlivymi
vyrabénymi skupinami sortimentd. Analyzovdano bylo 14 typi cen nastavitelnych
v softwaru harvestoru v podminkach vyroby smrkového diivi a 2 metody odpoctu kiry
(pdsmova a linearni) vyuzitelné v softwaru harvestoru pii vyrobé diivi borovice
amodiinu. V softwaru harvestoru totiz nelze vyuzit pro odpocet kiry nelinearni
parametrickou (polynomickou) metodu. Bylo zjisténo, ze 14 typl cen je zalozeno na
7 riznych algoritmech (A1-A7) pro stanoveni objemu vytezi. Algoritmus A2 (typ ceny
M3s) poskytoval nejpiesnéjsi stanoveni objemll ve srovnani se skutecnymi objemy
vytezl. Algoritmus A5 (typ ceny M3toDE), vyuzivany v podminkdch lesniho
hospodafstvi stiedni Evropy, podhodnocoval objemy smrkové kulatiny o vice nez 6 % ve
srovnani s algoritmem A2. Podobné vysledky byly zjistény i u borovicového diivi, kde
podhodnoceni objemu bylo o 6,48 % a u modiinového diivi 5,59 %. Zjistény byly také
vyznamné rozdily mezi pAsmovym odpoctem kiiry a parametrickym linedrnim odpoctem
kiry pouzivanymi v softwarech harvestor. Pro odpocet kiry u borovice lesni
doporucujeme v softwaru harvestoru vyuzit metodu odpoctu kiry podle pasmovych
odpoctl, u modiinového dfivi lze volit mezi metodou linearni i pasmovou. Vysledky
prace zdlraziuji potfebu detailni znalosti fungovani vyrobné-evidencnich softwart
harvestorti pro zajisténi validity vystupnich dat evidence vyrobeného diivi. Spravné
nastaveni stroji také umozni jejich efektivni vyuzivani a pii prodeji modfinového diivi

muze mit také pozitivni vliv na ptijmy z prodeje diivi.

Klicova slova: sortimentni metoda, StanforD, metody odpoctu kiry, typy cen,

dvojité tloust’ka kiiry



Abstract

It is expected that harvester technology will continue to be widely used despite
changes in forest stand composition following the recent bark beetle outbreak and the
intensified use of close-to-nature forest management. Harvesters produced 43 % of timber
in Czechia in 2022. The articles published in this thesis aimed to analyze the price
categories for estimating log volume and bark deduction methods that can be set up in the
StanForD standard, including an analysis of volume differences between various
produced assortment groups. Fourteen price categories adjustable in harvester software
for spruce timber production and two bark deduction methods (diameter band bark
deduction method and parametric linear bark deduction method) applicable in harvester
software for pine and larch timber production were analyzed. Non-linear parametric
(polynomial) methods cannot be used for bark deduction in harvester software. We
analyzed fourteen price categories and found seven different algorithms used to estimate
the log volumes (A1-A7). Algorithm A2 (price category M3s) provided the most accurate
volume estimates compared to the real log volumes. Algorithm A5 (price category
M3toDE), used in Central European forestry, underestimated spruce roundwood volumes
by more than 6 % compared to Algorithm A2. Similar results were found for pine timber,
with an underestimation of 6.48 %, and for larch timber, with an underestimation of
5.59 %. Significant differences were also found between the diameter band bark
deduction method and the parametric linear bark deduction method used in the harvester
software. For pine bark deduction, we recommend using the method of bark deduction
according to diameter band deductions in the harvester software, for larch timber you can
choose between the linear and diameter band method. The results of the study highlight
the need for detailed knowledge of the functioning of harvester production and record-
keeping software to ensure the validity of output data on produced timber. Proper
harvester’s settings also enable efficient use and can positively impact revenue from larch

timber sales.

Keywords: assortment method, StanfordD, bark deduction methods, price types,

double bark thickness
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1 Uvod

V poslednich letech zaznamenavame v Evropé dynamicky rist vyuzivani
harvestorové technologie spojené se sortimentni téZzeni metodou pii vyrobé surového
diivi (Moskalik et al., 2017). Pfi metod¢€ sortimentni (v anglictiné cut-to-length (CTL) —
fezano na délku), se provadi druhovani na zdkladé stanovenych parametrti, druhu dfeviny
a kvality dfeva (tj. vyroba sortimentll) pfimo na misté, kde probiha tézba. Tato metoda je
také oznacovana jako severska/skandindvska metoda tézby (Talbot et al., 2003).
Diavodem je, Ze tato metoda je v zemich jako Finsko, Svédsko, Norsko, Estonsko téméf
vyhradné vyuzivana pro tézbu diivi (Gellerstedt & Dahlin, 1999; Lundbéck et al., 2021;
Moskalik et al., 2017). Harvestorova technologie, ktera je se sortimentni téZebni metodou
spojena, je vhodnd pro tézbu pfevazné v jehli¢natych porostech (Dvotak et al., 2012).
Ostatni dfeviny jsou zatim z technologického hlediska pro zpracovani problematické

(Mederski et al., 2018).

Podil vytézeného diivi harvestory se v Cesku v poslednich deseti letech neustale
zvySoval a v roce 2022 doséhl 45 %. V provozu je v soucasnosti u nas celkem
1 099 harvestort, z toho 1 062 na kolovém podvozku a 37 na pasovém. Z téchto stroju je
803 pro tézbu mytni a kalamitni s kacecimi hlavicemi s ufezem do 62, 72 a 75 cm. Pro
vychovné zasahy v pfedmytnich porostech zde pracuje 259 stroji vybavenych kacecimi
hlavicemi s ufezem do 55 cm (MZe, 2023). K naristu zastoupeni této technologie u nas
v celkové tézbe diivi v poslednich letech ptispéla nejvice nahodila tézba pro likvidaci
ohnisek lykoZrouta smrkového (Ips typographus) ve smrkovych lesich. Jako ptiklad lze
uvést rok 2019, kdy podil téZeb jehli€natého diivi na celkovych t€Zbach Cinil ptiblizné
96 %. Proporce tézby byla ddna zpracovanim nahodilych tézeb, zejména tzv.

ktrovcového diivi (MZe, 2019, 2020, 2021, 2022, 2023).

Dfivi ptedstavuje klicovy zdroj pi{jmi v lesnictvi. Kromé kvality, ktera ovlivituje
jednotkovou cenu, je nutné co nejpiesnéji stanovit objem nebo hmotnost pro urceni
mnozstvi obchodovatelného diivi. Pouhé kvantifikované odhady objemu ¢i hmotnosti
diivi mohou negativn¢ ovlivnit ekonomickou zivotaschopnost lesnickych podnikl
a vlastnikti lestt (Edwards, 1998). Harvestory automatizuji meéfeni rozmérd vytezl
anasledné provadi stanoveni objemu. Pokud je stroj spravné kalibrovan a nastaven,
mohou byt vystupy z jeho vyrobné-evidencniho systému povazovany za presné (Sladek

& Neruda, 2007). Ackoli harvestory jsou schopny méfit délky s presnosti na centimetry
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a tloustky na milimetry, ¢eské lesnictvi postrada standard, ktery by upravoval pfijimani
téchto méefeni do oficialnich zaznami. To plati také pro Némecko a dalsi evropské zemé
(Hohmann et al., 2017). Aby byly vystupy z harvestori povazovany za diveéryhodné
a transparentni pro lesni hospodarskou evidenci, je nutné, aby lesnickd komunita byla
obeznamena s fungovanim vyrobné-evidencnich softward strojii a pfijala jednotnou

metodiku pro jejich uzivani.

Vyrobci dodavaji harvestory vybavené softwarem fungujicim na zakladé¢
standardu StanForD, ktery slouzi ke komunikaci a pfenosu dat v pocitaci harvestoru
(Natov & Dvorak, 2018). Tento software komunikuje s méficimi senzory na hlavici
harvestoru a pfevadi ziskané impulsy na data s hodnotou délky a tloustky. StanForD
nabizi celkem Ctrnéct typt cen, které urcuji algoritmus pro vypocet objemu z namétenych
rozmérd a zaroven stanovuji parametr (vybranou tloustku) pro vyrobu konkrétniho
sortimentu (Sladek & Neruda, 2007; Skogforsk, 2012). Aby bylo mozné efektivné
vyuzivat harvestorovou technologii, musi byt prostudovany vsSechny jeji relevantni
technologické a technické parametry a vlastnosti. Mnoho aspekti jiz bylo podrobné
zkoumano, jako poskozeni vyiezi hroty podavaciho valce (Gerasimov et al., 2012;
Karaszewski et al., 2018; Nuutinen et al., 2010), dopady tézkych stroji na ptidu (Marusiak
& Neruda, 2018), Gc¢innost a vykon harvestori (Apafdian et al., 2017; Mederski et al.,
2018), optimalizace druhovani (Labelle & Huss, 2018), analyza spotieby ¢asu (Nurminen
et al., 2006; Pajkos et al., 2018; Szewczyk & Sowa, 2017) prace operatori harvestorti
(Purfuerst, 2010), nicméné vyrobné — evidenénimu softwaru nebyla vénovana takova
pozornost. Treti clanek této prace proto porovnava rizné metody stanoveni objemu
smrkovych vyfezil nastavené ve vyrobné-evidenénim systému harvestorii ve spojeni

s riznymi typy cen.

Aby bylo mozZné urcit objemovou produkci diivi, musi byt mimo jiné ptesné
stanovena tloustka kiliry (Costa et al., 2021). Stanoveni objemu kiry jsou pro lesniky
velmi dulezité, protoze potiebuji znat obchodovatelné objemy kment bez kiiry a odecitani
pifedem stanovenych objemt kliry od celkového objemu vyfezu poskytuje nejpohodIngjsi
vypocetni metody (Jang et al., 2016). Z této skutecnosti vyplyva fakt, ze v témét celé
Evropé (s vyjimkou napft. Finska) se dfivi méfi s kirou, ale obchoduje se bez ni. To
znamend, ze zakaznici dostavaji klru zdarma, coz jim umoznuje ji dale vyuzivat

a profitovat z ni (Jankovsky et al., 2023). Smrku v souvislosti s kiirou byla jiz vénovana
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znacné pozornost, proto je prvni a druhy ¢lanek této prace zaméfen na dal$i vyznamné

hospodaiské jehli¢naté dieviny t&zené harvestory v CR, a to konkrétné borovici a modiin.

Borovice lesni (Pinus sylvestris) je jednou z komercné nejvyznamnéjsich dievin
v Evropé (Roszyk et al., 2020). Podle udaji Ministerstva zemédélstvi Ceské republiky
(MZe, 2023) tvoii borovice lesni ptiblizné¢ 16 % dievinné skladby ceskych lest a je
druhou nejzastoupengjsi dievinou po smrku. Casto se vyskytuje na chudych ptidach; jako
pionyrsky druh je vysazovana za ucelem protieroznich opatieni; je meliora¢ni dievina
a vétrolam, a vyuziva se také k vyrob¢ bioenergie, buniciny a feziva. Jeji dievo je pevné
a snadno zpracovatelné, bézné pouzivané v nabytkarském a stavebnim primyslu (Auty et

al., 2014; Cao et al., 2015; Gardner, 2013; Routa et al., 2011).

Modiin evropsky (Larix decidua Mill.) je jehli¢naty strom vhodny pro vyrobu
diivi harvestory. V roce 2022 pokryval pies 102 000 hektarG ceskych lest, coz
predstavovalo 3,9 % jejich dievinné skladby. Byl tak tfetim nejzastoupenéjSim
jehlicnanem po smrku (46,8 %) a borovici (16,0 %). Modfin se vyuziva hlavné pro
pestovani smisenych porostil a zvyseni druhové rozmanitosti lesti. V roce 2022 byl pouzit
pfi umélé obnové lest po lykozroutu smrkovém na plose témét 2000 hektard (tj. 5 %
z celkové rocni uméle zalesnéné plochy). Doporucend dievinna skladba predpoklada
zvySeni podilu modiinu na 4,2 %. S ohledem na jeho Castou pfimés ve smrkovych
a borovych porostech lze ocekéavat vysSi objemy modifinového diivi pfi zpracovani

harvestorovou technologii (MZe, 2023).

Disertacni prace se vénuje problematice korektniho a uplného nastaveni
specifickych parametrii ve vyrobné-eviden¢nim softwaru harvestorti, a to konkrétné pro
stanoveni objemu vyrobeného dfivi s vyuZzitim riznych typl cen a metod odpoctu kiry.
Pochopeni fungovani softwaru a jeho spravné nastaveni zajisti validitu vystupnich dat
elektronického méfeni dfivi harvestorem a kompatibilitu vyrobeného objemu pfi
porovnani vyroby se standartnimi postupy a metodami vyuZzivanymi pro lesni

hospodaiskou evidenci a pro obchodovani se diivim v podminkach CR.
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2 Cile prace

Tato prace se veénuje evidenci diivi vyrobeného harvestorovou technologii
a nastaveni konkrétnich a validnich parametrii vyroby ve vyrobné-evidenénim softwaru

harvestoru. Hlavni cile prace byly nésledujici:

(i) Analyza typt cen a metod odpoctu kiry popsanych ve standardu StanForD,
urceni rozdilti mezi témito nastavitelnymi parametry a doporuceni vhodného
nastaveni téchto parametri ve vyrobné-evidencnim softwaru harvestorii pro
vyuziti v podminkéch lesniho hospodatstvi Ceské republiky.

(i)  Porovnani objemu vyfezu s kiirou a bez kiiry stanovenych dle vybranych
typil cen @ metod odpoctu kiiry pfi vyrobé¢ diivi harvestorovou technologii,
véetné analyzy objemovych rozdilti mezi jednotlivymi vyrabénymi
skupinami sortimentt u vybranych druhi jehli¢natych dievin.

(ili)  Analyza vhodnosti vyuZiti linearni metody pro odpocet objemu kury,
sestrojené pro ristové podminky dfevin v CR, ve vyrobné-evidenénim
softwaru stroje v porovnani s metodou pasmovych srazek pro odpocet

tloustky kury u vybranych druhti jehli¢natych dievin.

Porozuméni nastaveni vyrobné-evidencniho softwaru harvestort a rozdili mezi
evidenci vyroby dfivi pfi rizném nastaveni typt cen a odpoctu kiiry poskytne uzivatelim
uzitecné informace pro aplikovanou evidenci objemu vyrobeného dfivi pii spraveé lesi.
Chybné nastaveni stroji totiZ mize uvadét nespravné udaje generované softwarem na
vystupech evidence vyroby dfivi, coZ miZe nejen vyznamné ovlivnit pfijmy z prodeje
diivi, ale také negativné ovlivnit divéryhodnost udajii z elektronického piijmu diivi

harvestory.
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3 Literarni reSersSe

3.1 Lesy atézba

Lesy jsou nedilnou soucasti biosféry a pokryvaji 31 % celosvétoveé rozlohy zemé.
Nejsou vsak rovnomérné rozmistény po celém svété. Vice nez polovina plochy lest se
nachazi pouze v péti zemich (Brazilie, Kanada, Cina, Ruska federace a Spojené staty
americkeé). V lesich se nachdzi vétSina suchozemské biodiverzity Zemé, poskytuji
utociste¢ pro vice nez 80 % vSech suchozemskych ZivociSnych a rostlinnych druhi.
Stromy jsou definujicim prvkem lesniho ekosystému (FAO, 2020). Lesy poskytuji lidstvu
cenn¢ produkty a ekosystémové sluzby véetné potravy, dieva, 1éCiv, Cisté vody
a estetickych ¢i duchovnich hodnot (McKinley et al., 2011). Poskytuji hlavni obnovitelné
ptfirodni zdroje, které ptispivaji do svétového hospodafstvi, ¢imz se lesnicky primysl
stava potencialné dilezitou soucasti bioekonomiky budoucnosti (Eriksson et al., 2017).
Zatimco ve vétsing svéta dochdzi k vyraznému ubytku lesti, Evropa se v poslednich
100 letech vyznacuje nepietrzitym naristem rozlohy lesi. V soucasné dob¢ je vice nez
ttetina celkové plochy Evropy, coz odpovida 227 miliona ha, pokryta lesy (SEF, 2020).
Lesy jsou klicovym prvkem v bioekonomice a zmirfiuji dopady klimatické zmény diky
ukladani uhliku (Pucher et al., 2023). Stromy jsou dlouhovéké a lesy tak ukladaji uhlik
po dlouhou dobu (McKinley et al., 2011). Atmosféricky uhlik je vazan do biomasy a také
pudy, ¢imz se lesy stavaji rozsdhlou a trvalou zasobdrnou uhliku. Obsahuji dokonce
v biomase a pud¢ vice uhliku, nez je ulozeno v atmosféte (Pan et al., 2011). Zajisténi
trvalé udrzitelnosti je pro lesni hospodatstvi klicové a je v souladu s cili Nové strategie
EU pro lesnictvi do roku 2030, kterou stanovila Evropskd komise (European

Commission, 2021).

Lesy vyuzivaji 1lidé od nepaméti, a pravé tézba dfivi je jednou z Cinnosti, které
lidstvo zna jiz velmi dlouho (Moskalik et al., 2017). UZ od pradavna lidé vyuzivali dfevo.
Pouzivalo se na vyrobu nastroju, dopravnich prostiedki, jako palivo, stavebni materiél
a mnoho dalsiho (Silversides, 1997). Tézba diivi je jednou ze zakladnich soucasti lesniho
hospodatstvi, protoZze umozZiuje dodavat diivi primyslovym odvétvim 1 pfimym
spotfebitelim  (Brown, 1949). Kazdy rok se po celém svéte vytézi
1,9 miliard m® primyslové kulatiny bez kiiry. Z tohoto mnoZstvi pochézi 1 miliarda m?

zpéti zemi: USA, Ruska, Ciny, Kanady a Brazilie. Dalsich 250 miliénd m? je
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produkovano Svédskem, Indonésii, Finskem a Indii, zatimco zhruba 200 zemi tvoii

zbytek, kazda z nich produkuje méné nez 50 miliénti m* roéné (FAO, 2016).

3.2 Vyvoj mechanizace v lesnictvi

Lesnictvi se vyrazné¢ vyvinulo od prvnich stroji postavenych z upravenych
traktorti az po dneSni moderni hydraulické stroje (Nordfjell et al., 2019). Po dlouhou dobu
byly lesnické prace provadény prevazné ruéné¢ s pouzitim pil, seker a s pomoci animalni
sily. Mechanizace v lesnictvi vSak zacala mnohem pozdé&ji nez mechanizace zemédé€lstvi
(Brown, 1949; Silversides, 1997; Sundberg, 1978), a to zavedenim motorovych pil pro
tézbu a traktorii pro pfiblizovani dfivi (Ringdahl, 2011).

Prvni motorové pily, které byly dostateéné lehké, aby je mohli ovladat dva lidé,
vznikly v letech 1916-1917 v Kanadé a Svédsku (Silversides, 1997; Sundberg, 1978).
V roce 1938 fungovala v Kanad¢ pouze jedna tovéarna na jejich vyrobu, do roku 1942
tento pocet vzrostl na Sest a do roku 1949 na tficet (Silversides, 1997). V prub¢hu tiech
desetileti bezprosttedné po druhé svétové valce doslo v Kanadé k nejvyznamnéjSim
anevidanym zméndm v mechanizaci tézby diivi. Stovky inZenyrl, lesnikli, vyvojart
a manazert pracovaly na pfechodu od ru¢ni k mechanizované tézbg&. Zasadni prilom
v rozSifeni motorovych pil nastal kolem roku 1950, kdy se jejich hmotnost sniZila natolik,
ze je mohl obsluhovat jeden pracovnik (Drushka & Konttinen, 1997; Silversides, 1997;
Sundberg, 1978). Ve vychodni Kanad¢ bylo v roce 1952 pouhych 20 % diivi tézeno
pomoci motorovych pil, avS§ak do roku 1960 tento podil vzrostl na téméer 100 %
(Silversides, 1997). Podobny vyvoj probihal také v Evropé, kde byly ve Svédsku
a Némecku zfizeny tovarny na vyrobu motorovych pil (Lidén, 1995). Jiz od 20. let
20. stoleti se v Severni Americe experimentovalo s vyuZitim traktordi pro transport
pokéacenych stromt z lesa, zasadni pokrok vSak pfineslo zavedeni navijakl na traktory
vroce 1925 (Brown, 1949; Silversides, 1997). V 50. letech byla v Sovétském svazu
1v Severni Americe vyvinuta fada pasovych vozidel pro ptfepravu diivi (Andersson,
2004). Rozsahld mechanizace t€Zby a odvozu dfivi prob¢hla ve Skandinadvii o néco
pozdéji nez v Severni Americe, 1 kdyZ jiz na pocatku 30. let byly vyrobeny traktory uréené
pro odvoz diivi (Drushka & Konttinen, 1997). V roce 1957 byl pfedstaven prvni Svédsky
specialné navrzeny lesni traktor, ktery se zacal vyrabét ve velkych sériich (Ostberg, 1990).
Vyznamnym pokrokem pro skandindvské lesnictvi byl v roce 1959 ptichod prvnich

hydraulickych nakladacich klesti, které byly namontovany na traktory (Malmberg,
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1988). Nejprve se pouzivaly pouze stroje, které dokazaly stromy odvétvovat a fezat na
jednotlivé vyfezy a nasledné vroce 1972 vznikly stroje na kaceni (Ostberg, 1990).
Harvestory, které stromy kaci, odvétvuji a sortimentuji, byly vynalezeny ve Svédsku
a Finsku v letech 1972-73 (Drushka & Konttinen, 1997). V nasledujicich desetiletich se
systémy méfeni a automatizace u stroju pro zajiSténi sortimentni tézebni metody postupné
vyvijely. Tyto t&zké stroje se stavali postupné leh&imi, rychlej$imi a presng&jsimi (Ohman
et al., 2008). Do konce devadesatych let bylo v severskych zemich stroji t€Zeno ptiblizné
95 % diivi (Billingsley et al., 2008). Systémova transformace, kterd nasledovala po padu
komunistickych reziml na zacatku 90. let v evropskych zemich tzv. ,,vychodniho bloku®,
ovlivnila prakticky vSechny oblasti ekonomiky, véetné lesnictvi (Sarvasova et al., 2015).
Nejprve se jednalo o zménu vlastnictvi, ktera zacala navracenim majetkli zabavenych
komunistickym rezimem tzv. pozemkovymi restitucemi (Moskalik et al., 2017). Prvni
harvestory druhé generace byly piivezeny do Némecka, Svycarska a Rakouska, kde se,
navzdory pocateCni skepsi, rychle prosadily diky své produktivit¢ a Setrnosti
v probirkach. V roce 1999 tvoiily v Némecku piiblizné 25 % t&zby. V Ceské republice
bylo hlavnim divodem pro rozvoj téchto téZzebné-dopravnich stroji jejich vyuziti pii
odstranovani lesnich porostli poskozenych imisemi v SeveroCeskych statnich lesich
v sedmdesatych letech minulého stoleti (Dvotak, 2006; Schlaghamersky, 2001). Jejich
vyuzivani se vSak za€alo nejvice rozvijet aZ po roce 2000. Napiiklad v roce 2002 bylo
v CR v provozu piiblizné 60 harvestori a roce 2005 se pocet téchto strojii zvysil na
piiblizné 140 a jejich podil na téZb¢ diivi vzrostl na zhruba 11 % celkového objemu téZeb

v CR (Neruda et al., 2022).

Zasadni hnaci silou mechanizace byla snaha o sniZeni ndkladd, zrychleni vyroby
drivi, nedostatek pracovnich sil a sniZeni rizika pro pracovniky v lese (Porter, 1985;
¢innost s moZnosti pracovat celorocné témét bez omezeni. Béhem éry vyuZivani animalni
sily totiz byly pracovni operace pievazné provadény ve dne a mély vyrazné sezdnni
charakter (Silversides, 1997). Vyhtivané kabiny a um¢lé osvétleni umoziuji t€zit v noci
a kraceni pouze s helmou na ochranu pied padajicimi vétvemi nebo stromy. V roce 1990
se ve Svédském lesnictvi, pfechodem na mechanizované prosttedky oproti praci
s motorovou pilou, sniZila Grazovost o 73 %. Snizila se také vyrazné zdravotni rizika

spojena naptiklad s vibracemi motorovych pil. Na druhé stran¢ se postupnou mechanizaci
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vyrazné zvysila produktivita prace. Ve Svédsku se mezi lety 1960 a 1990 zvysila
produktivita prace jednoho pracovnika v lese z 2,3 na 12,5 m? na pracovni den. Rozs4hla
mechanizace vedla ve Svédsku k radikalnimu sniZeni po&tu pracovnikil v lesnictvi, a to
az 0 90 % (Axelsson, 1998). Zaroven vSak vzrostla poptavka po pracovnicich s vyssi
kvalifikaci schopnych ovladat moderni stroje (Btuszkowska & Nurek, 2014). Proces
mechanizace t€zby postupuje skrze Sest fazi, kdy se pfesouvd od zcela manudlniho
provozu s vyuzitim animalni sily k pIné¢ mechanizovanému a ¢aste¢né automatizovanému
provozu (Clough, 1965). Dalsim logickym krokem v probihajicim vyvoji by byla
automatizace a odstranéni potfeby operatora (Hellstrom et al., 2009) a skutecné pokracuji
snahy vyvinout autonomni vozidla pro lesni tézbu (Hellstrom et al., 2008; Hellstrom &
Ringdahl, 2009; La Hera et al., 2024; Mettin et al., 2009; Ringdahl et al., 2011, 2012).
Vyzkumné studie ukazuji, Ze automatizace lesnickych strojli je ndrocnd kviili sloZitosti
lesniho prostfedi a dynamice stroji. Nicméné, ¢astecnd automatizace, kterd prebira ¢ast
ovladani stroje z rukou operatora, se ukazuje jako perspektivni zplisob usnadnéni prace
(Lindroos et al., 2017; Morales et al., 2014; Nurminen et al., 2006; Oliveira et al., 2021;
Visser & Obi, 2021).

V soucasné dob¢ je velmi diskutované téma piirod¢ blizkého zplisobu
hospodareni v lesich, ve kterém by lesni stroje mély zvladat provoz v narocném terénu,
aniz by ménily nebo poSkozovaly toto prostiedi. Technicky vyvoj tak sméfuje k vytvareni
stroji schopnych pracovat v narocném, mén¢ tinosném a strmém terénu (Billingsley et
al., 2008). Pravdépodobné nejéastéjSim pozadavkem je minimalizace poskozeni pudy
(Cambi et al., 2015). Pfeprava takovych nékladii, kdy samotna hmotnost pfepravovanych
kmenii dosahuje az 20 tun, je na lesni pid€ naro¢na a musi se provadét tak, aby nedoslo
k jejimu poskozeni. K tomu je jeSté nutné zapocitat hmotnost samotného stroje.
Ekonomické hlediska zase uplatiiuji poZzadavky na velké objemy soutfed’ovaného diivi

a vysoké rychlosti odvozu dfivi z lesa (Lindroos et al., 2017).

3.3 Harvestorova technologie

Pti vyrobé surového diivi existuje nékolik metod a zplisobli samotné te€zby diivi
(Moskalik et al., 2017), z nichz seversky systém sortimentni metody, skladajici se
z harvestoru a vyvazeciho traktoru, je povazovan v soucasnosti za celosvétove
technologicky nejvyspélejsi (Lindroos et al., 2017). Té€Zebni operace 1ze v obecné roviné

definovat jako soucast vyrobniho systému, ve kterém se surovy materidl pfeméni na
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vyrobky. V tomto vyrobnim procesu se pro vyrobu diivi vyuzivaji stroje a pracovni sila,
v souladu s definovanymi pravidly. Nezbytné je splnit pracovni pozadavky (normy)
a prihlédnout k podminkdm prostiedi. Vyrobni systém musi byt ziskovy, jak na
makrourovni (lesnicky prtimysl), tak na mikrourovni (lesnickd firma). Jinymi slovy by
m¢ély lesni operace probihat zplisobem, ktery je biodiverzitné efektivni, ekonomicky
ucinny, individualné kompatibilni, ekologicky udrzitelny a institucionalné pfijatelny
(Heinimann, 2007). Tyto indikatory jsou spole¢né i pro jiné vyrobni systémy jako je
zeméd€lstvi nebo tovarni vyroba. Lesni té¢Zba se ale odliSuje tim, Ze se prace provadi

pouze venku, v ndro¢ném terénu a Casto i v odlehlych oblastech (Lindroos et al., 2017).

Vysoka efektivita té¢Zby je jednim z predpokladl udrzitelného lesnického provozu.
Harvestory jsou vysoce efektivni stroje, které jsou navrzeny na pouziti sortimentni
metody, tedy operaci kaceni a nasledné na dal$i navazujici operace (Borz et al., 2023).
Produktivitu prace harvestoru ovliviiuje mnoho faktorti spojenych s porostem (spon,
objem stromt), terénem (sklon, stabilita, nerovnosti), strojem (typ, velikost, dosah
ramene) a operatorem (zkuSenosti, technika, postoj). Mnohé studie ukazuji, Ze
nejvyznamnéjsim faktorem ovliviiujicim produktivitu harvestoru jsou parametry
tézeného stromu, pficemz s rostoucimi dimenzemi stromu roste i produktivita (Acuna &
Kellogg, 2009; Ghaffariyan et al., 2012; Kellogg & Bettinger, 1994; Visser & Spinelli,
2012). Neruda a kol. (2015) udava, ze malé kolové harvestory maji primérnou vykonnost
4 m® vyrobeného diivi za hodinu, stfedni 10 m® za hodinu a velké 16 m? za hodinu. To

3 az

pfedstavuje pifi jednosménném provozu primérnou rocni vykonnost 7 800 m
31 200 m?® vyrobeného dfivi. Moderni harvestory jsou natolik efektivni, Ze spotieba ¢asu
na t€Zbu a manipulaci stromu niz§iho objemu neni pfimo imé&rna spotfebé casu u stromu
vy$$iho objemu (Nurminen et al., 2006). Dal§im zasadnim faktorem je vykon operatora.
Variabilita produktivity mezi kvalifikovanymi operatory mtize byt pies 40 % (Hogg et al.,
2011; Kérha et al., 2004; Ovaskainen et al., 2004). Casova naro¢nost kaceni, odvétvovani
1 druhovani zavisi na objemu kmene. Celkové provedeni vyroby tak zavisi na
individudlnich vlastnostech operatora: jeho odbornych zkuSenostech, v€ku, znalostech,
dovednostech, schopnostech a individualnich typologickych vlastnostech jeho osobnosti
(Prinz et al., 2021). V podminkach CR byla realizovana studie (Dvofék et al., 2019) ,
ktera sledovala mezi lety 2006 a 2017 ndklady na vyrobu dfivi u dvou sttednévykonovych
harvestorti, které byly vyuzivany ve vychovnych tézbach. Primérny objem kmene

zpracovavaného harvestorem JD770D byl 0,11 m? bez kiry pii roéni vyrobé diivi 16 793
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m? bez kiliry. Primérmé naklady na jeden m? vyrobeného diivi bez kiiry se pohybovaly od
6,6 do 10,2 €. Druhy harvestor, typu JD1070D, zpracovaval kmeny s primérnym
objemem 0,29 m? bez kiiry pii roéni vyrobé diivi 26 837 m? bez kiry. Primérné naklady
na jeden m> vyrobeného diivi bez kiiry u tohoto harvestoru dosahovaly od 5,4 do 6,9 €.
Nurminen a kol. (2006) studovali spotiebu ¢asu pro rtizné pracovni operace u harvestoru
aukézali primérnou dobu pracovni faze jako podil na celkovém efektivnim Case, pfi¢emz
kaceni bylo 17 % a manipulace 45 % z celkového ¢asu pii mytni tézbé, 18 % a 27 %
v probirkdch. Dalsi studie (Kérhd et al., 2019) uvadi primérny podil 61 % doby
manipulace (v€. odvétvovani, pficného fezu, méteni) z celkové doby vyroby diivi
z jednoho kmene u kmenti smrku ztepilého. Javiirek a Dvotak (2018) se zaméfili v letech
2015-2016 na sbér casovych snimkli vyroby diivi harvestory rtiznych vykonnostnich
kategorii a v riiznych vyrobnich podminkach po celé CR. Zjistili primérnou délku smény
operatora harvestoru v délce 623 minut s operativnim ¢asem (Cisty ¢as prace na vyrobu

dfivi), ktery ¢inil 73,6 % délky smény.

Harvestory jsou vykonné stroje s multifunkénimi harvestorovymi hlavicemi
(Miettinen et al., 2010). Harvestor je slozen z hnaci jednotky, hydraulického jetabu
s prumérnym dosahem 10 metri a harvestorové hlavice, ktera ma v sobé hydraulicky
pohanéné fezné Ustroji. Vaha stroje se pohybuje do 23 tun a samotna vaha harvestorové
hlavice je 600-1000 kg (Knobloch et al., 2024; Sanktjohannser, 2019). Tyto hlavice
zvladaji fadu pracovnich operaci, a to kaceni, odvétvovani, méfeni tloustky a délky,
kraceni na pozadovanou délku, barevné oznaceni sortimentd, oSetieni paiezid, ulozeni

vyrobeného sortimentu (Dooley et al., 2006; Karha et al., 2018).

Odvétvovani je provadéno narazem ostrych hran odvétvovacich nozli na vétve
(Hatton et al., 2017). Snimace napéti (potenciometry), ze kterych je nasledné stanovena
tloustka, jsou pfipojeny k ramenlim podavaciho valce nebo k odvétvovacim nozam.
Stanoveni tlouStky zavisi na tom, jak Siroce se oteviraji ramena podavacich vélct. Délka
stromu se obvykle méfi pomoci meéficitho kolecka, které je pfitlaceno ke kmeni
a posunovano. V pribéhu vyroby je kmen stromu pevné pfitlaCen proti méficimu
kolecku. Otaceni kolecka je zaznamendvano optickym kodérem (Kalmari et al., 2011).
Diky témét rovnému tvaru kmend jehli¢nanti, které se nejCastéji t€zi harvestorem, je
technologie méfeni tlouStky a délky rychla a plynula (Hatton et al., 2017). Pii kazdém
pficném fezu kmene systém zaznamend sortiment, objem vyrobenych sortimenti, objem

celého kmene a dalsi parametry vyroby (Dooley et al., 2006). Neobchodovatelny vrsek
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stromu neni méten (Kiljunen, 2002). Piesnost méteni ovlivituji klimatické podminky,
napf. hroty méficiho kolecka pronikaji hloubéji do nezmrzlého dfeva nez do zmrzlého
(Karaszewski et al., 2018). Tyto elektronické méfici systémy mohou poskytovat
mimotadné presné vysledky, pokud jsou spravné nainstalovany, nastaveny, je provadéno
(pravidelng) prubézné kontrolni méteni a v pripad¢é potieby kalibrace (Dooley et al.,
2006). Kalibrace harvestorové hlavice je velmi dilezitd a zna¢né ovliviiuje presnost
méieni jak tloustky, tak 1 délky a nasledné stanoveni objemu. I po kalibraci existuje vSak

mnoho odchylek v piesnosti harvestorové hlavice (Nieuwenhuis & Dooley, 2006).

3.4 Sortimentni t€Zebni metoda

Celosvétove se rocné vytézi témet dveé miliardy plnometra primyslové kulatiny
(Lundbick et al., 2021). Existuji tfi hlavni téZebni metody, mezi které patii metoda
kmenova, stromova a sortimentni (Kabes, 2015). Dvé z nejbéznéjsich téZebnich metod
jsou metoda sortimentni a metoda kmenova (Lundbéck et al., 2021). Pfi sortimentni
tézebni metod€ (v anglictiné cut-to-length — CTL-method), n€kdy oznacované jako
severska nebo skandindvska, se kmeny stromt krati na jednotlivé vyfezy (sortimenty)
pfimo na misté, kde probihd tézba (Talbot et al., 2003). Stromy jsou tak pokaceny,
odvétveny a kraceny (druhovany) na jednotlivé délky — sortimenty na jednom miste,
v zavislosti na druhu dfeviny, jakosti a pozadovanych parametrech odbératele. Harvestor
pouziva mechanické méteni délky a tlouStky (Miettinen et al., 2010). V Kanad¢ je tato
metoda oznac¢ovanad jako ,,fezani na délku u patezu®, coz ji presn¢ definuje (Lundbick et
al., 2021). Tato metoda obvykle vyuZiva dva stroje, tj. harvestor a vyvazeci traktor, které
jsou spolecné oznaCovany jako harvestorovy uzel. Testovany byly také kombinované
stroje (harwardery), které jsou schopny provadét jak samotnou téZbu a manipulaci, tak
naslednou dopravu vyrobeného dfivi (sortimentll) na odvozni misto (Tufts, 1997).
Harvestor v lese provadi vyrobu dfivi systémem pasovych linek, které maji od sebe
vzdalenost zhruba 20 m, aby mohl dosdhnout na vSechny stromy k transportni hranici
pracovniho pole svym 10 m dlouhym hydraulickym jefdbem (Knobloch et al., 2024).
Vyvazeci traktor nebo vyvazeci souprava nasledné¢ vyveze vyrobené sortimenty
z vyvozniho mista na odvozni misto (Strubergs et al., 2020). Ve srovnani s jinymi plné
mechanizovanymi metodami vyroby diivi je tézebni metoda sortimentni obecné
konec¢né sortimenty konzistentngjsi a vyssi kvality nez mechanizované metody stromové

a kmenové (Tufts, 1997).
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Vyuziti sortimentni téZebni metody realizované harvestory se mezi evropskymi
zemémi lisi. Nejvyssi podil tézby touto technologii je v severni, zapadni a stfedni Evropé,
naopak nejmensi v jizni a jithovychodni Evropé¢ (Mederski, Karaszewski, et al., 2016;
Moskalik et al., 2017). Ve skandinavském lesnictvi je sortimentni metoda vyuzivana
témer vyhradné ke vSem té¢zbam (Soderberg et al., 2021). Vyznamné je také vyuzivana
napiiklad v Estonsku, kde tvotfi 80 % z celkové rocni tézby, Litvé (70 %), Némecku
(65 %) nebo Spanélsku a Italii (60 %) (Lundbick et al., 2021). Stoupajici trend vyuziti
sortimentni metody na celkové rocni t€zb¢ je sledovan také v Polsku (Bembenek et al.,
2015). Nizsi zastoupeni sortimentni metody v jihovychodni Evropé je zptisobeno naroky
na vysoké investi¢ni naklady pfi pofizovani harvestorové technologie (Dvotédk et al.,
2019). Dalsim divodem této rozdilnosti ve vyuziti sortimentni metody je druhové slozeni
dfevin — jehli¢naté dfeviny jsou pro vyuziti sortimentni metody vhodnégj$i (podrobné;ji
v kapitole 3. 6.) a pfevazuji zejména v severni, zdpadni a stfedni Evropé (Mederski,
Bembenek, et al., 2016; Mederski, Karaszewski, et al., 2016). Borovice lesni (Pinus
sylvestris) a smrk ztepily (Picea abies) jsou vsak jehlicnany, které jsou povazovany za
méné odolné vzhledem k ménicim se klimatickym podminkdm a ocekéava se, Ze jejich
zastoupeni ve stiedoevropskych nizinnych lesich se s globalnimi zménami vyrazné snizi
(Buras & Menzel, 2019). Lesni ekosystémy se stavaji nestabilnimi (Dale et al., 2001),
jsou vystaveny ménicimu se klimatu, které s sebou nese ¢astéjsi a silngjsi vétrné bouie
a obdobi sucha (Gregow et al., 2017; Hogan et al., 2018; Rodriguez-Vallejo & Navarro-
Cerrillo, 2019). Zimy jsou stale teplejsi, coz vytvari idealni podminky pro kiirovce a dalsi
patogeny, které tak mohou snadnéji napadat a poskozovat stromy (Lindner et al., 2010;
Williams & Liebhold, 2002). Kvili zvySujici se nestabilité lest jsou preferovany smisené
porosty pied monokulturami (Peltola et al., 2000). Listnaté dfeviny budou pro ménici se
podminky vhodnéjsi, a tak buk evropsky a dub letni (Quercus robur L.) budou stale vice
dominovat ve velké ¢asti sttedni Evropy (Buras & Menzel, 2019). V provoznim kontextu
vSak vice druhil stromil zaanamend vysSi pocet sortimentil, coz komplikuje druhovani
kmeni, a pravé vyuziti harvestoru v té¢zbé (Kemmerer & Labelle, 2021). V evropském
meftitku je nejvice zalesnénou oblasti severni Evropa (54 % rozlohy zalesnéno), ktera ma
také nejvetsi podil jehlicnatych druhli stromt a nejmensi podil listnatych. Nicméné
nejvyssi zasobu dieva ma stredovychodni Evropa (Mederski et al., 2022). Vétsi podil
mechanizované t&zby je ve Svédsku a Finsku neZ v pobaltskych zemich (Moskalik et al.,

2017). Ve stiedni a vychodni Evropé je 27,3 % rozlohy ptidy pokryto lesy (SEF, 2020).
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3.5 Potencial vyuziti harvestora v CR

V Cesku se podil difvi vyrabéného harvestory v poslednim desetileti zvy$oval
a v roce 2022 dosahl 45 % (MZe, 2023). Maximalniho vyuziti bylo dosazeno v roce 2021
ve vysi 51 % (MZe, 2022). Studie provedend Pucherem a kol. (2023), kterd zahrnovala
34 evropskych zemi véetné Ceské republiky, uvedla, ze viech 34 zemi vykazuje rostouci
zasobu diivi v lesich. Studie kombinovala udaje o lesnim porostu (druhy dfevin, typu
pudy), terénu (sklon) a lesnich cestdch k identifikaci lesnich porosti pfistupnych
soucasnymi mechanizovanymi téZebnimi prostiedky. VSechny lesy v této studii
pokryvaly rozlohu 183 miliént ha, z nichz 74,9 % bylo oznaceno jako ’forest available
for wood supply’, neboli ’les vhodny pro zasobovani dievem’. V Ceské republice je to
dle studie 96,1 % plochy lesti. Dale bylo stanoveno, Z¢ mira mechanizace je v CR stale
relativné nizka. Kombinace harvestoru a vyvazeciho traktoru je vsak vhodna pro 2/3 ’lest
vhodnych pro zadsobovani dievem’ (Pucher et al., 2023). Toto potvrzuje i vyzkumna studie

(Dvoték & Natov, 2016).

Pouziti harvestoru zavisi také na sklonitosti terénu, unosnosti pidy a terénnich
ptekazkach (Stampfer, 1999). Strandgard a kol. (2014) uvadé&ji, ze sklon terénu je hlavnim
faktorem ovliviiujicim produktivitu prace lesnich tézebnich strojii a planovani jejich
nasazeni ve svazich je dualezité pro prubéh celé tézby. Pro kolové harvestory je vhodny
maximalni sklon po spadnici (podélny sklon) do 35 % a ve vyjime¢nych ptipadech az
50 %, v zavislosti na stavu pojezdového povrchu (Stampfer, 1999). Nad 50 % lze vyzit
pasové, kombinované a kracejici typy podvozkii (Molnar, 2004). Napiiklad na Novém
Z¢landu schvaleny kodex pro bezpecnost a ochranu zdravi pii lesnim provozu udava, ze
lesni stroje na svazich by nemély piekrocit 40 % (22°) u pasovych stroji a 30 % (17°)
u kolovych stroji, pokud nejsou stanoveny jiné limity vyrobcem stroje (Ministry of
Business Innovation &Employment, 2012). Dle Stampfera a Steinmiillera (2001) jsou
kolové harvestory omezeny na méné strmé svahy. Za piiznivych plidnich podminek
mohou pasové harvestory se samonivelaénimi kabinami pracovat na svazich az do
60 % (31°), zatimco specializované harvestory na strmy terén, jako je Komatsu
911.3 X3M, nebo harvestory upoutané na lano navijdku, zvlddnou svahy az do
70 % (35°). V praxi jsou vSak limity sklonu pro harvestory obvykle nastaveny nize, aby
byla zajiSténa bezpefnost a minimalizovalo se poSkozeni pidy (MacDonald, 1999;

Sutherland, 2012).
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Na strmé&jSich svazich lze stabilitu harvestoru zajiStovat pomoci trakéniho
navijaku. Moderni konstrukce harvestori umoziiuji u mnoha typt stroji vyrovnani
kabiny fidic¢e do vodorovné polohy i na strmych svazich. Kola podvozku se rovnéZ mohou
prizpisobit sklonu terénu. Bézné prekazky v porostu, jako jsou balvany, kofeny nebo
prohlubng, tak tyto stroje ptekonavaji bez problému (Dvoték et al., 2012). Vyznamnymi
technickymi parametry, které charakterizuji prijezdnost harvestoru terénem, jsou svétla
vysSka podvozku a tihel najezdu. U harvestori se svétld vyska podvozku obvykle
pohybuje od cca 40 cm do 70 cm. Na thel najezdu stroje ma kromé konstrukéniho feseni
ptredni ¢asti ramu podstatny vliv také typ népravy a velikost kol v pedni ¢asti rdmu stroje
pod kabinou. Ptekazky v terénu Iépe prekonavaji tandemové (tzv. bogie) napravy, proto
je uhel ngjezdu ve srovnani s pevnymi napravami vyssi u tandemovych naprav (Neruda
et al., 2022). Obecné se za prekazky v terénu povazuji objekty a terénni nerovnosti
s vySkou nad 50 cm. Pokud jsou vSak od sebe vzdalené vice jak 5 m, nepovazuji se za

terénni prekazky (Zlatuska et al., 2020).

Dalsi studie uvadéji, ze limit sklonu terénu pro pozemni zpisob tézby se lisi podle
unosnosti pady (Heinimann, 2000) a mtize se pohybovat mezi 30 % az 40 %, aby se
zabranilo nadmérnému poskozeni pudy (Visser & Stampfer, 2015). Zhutiiovani pudy
a pfemistovani jsou vyznamnymi nésledky provadéni lesnich ¢innosti (Hartmann et al.,
2014; Labelle et al., 2015). Mezi hlavni poSkozeni lesni piidy a lesniho porostu zptisobena
téZbou a soustfed’ovanim drivi patfi naruSeni povrchu pudy, zmény ve fyzikélnich,
chemickych a biologickych vlastnostech, ataké poSkozeni pfirozené obnovy
a zbytkového porostu (Naghdi et al., 2011). Ke zhutnéni pidy dochazi v disledku
zatiZeni, vibraci a tlaku ze stroju, které se pouzivaji pii té€zbé (Adams & Froehlich, 1981).
Zhutnéni pudy lze charakterizovat jako rozpad povrchovych agregati, coz vede ke
zvySeni objemové hmotnosti a odolnosti ptidy vii¢i penetraci (Adams & Froehlich, 1981;
Gomez et al., 2002). SniZeni makroporozity plidy miiZe branit pronikani kotent, infiltraci
vody a vyméné plynli a zivin (Quesnel & Curran, 2000) a tyto zmény mohou vést ke

snizeni regenerace a rtstu stromt (Han et al., 2009).

Vyznamnym faktorem pro samotné rozhodnuti o nasazeni harvestorové
technologie je unosnost terénu. Zlatuska a kol. (2020) sestavil klasifikaci technickych
parametri jednotlivych skupin tézebné-dopravnich strojl, ktera odpovidd soucasnému
stupni poznani a vyuZzivanym technologiim. Dand klasifikace urcuje technologie

akceptovatelné z hlediska poZzadavkld minimalizace poskozovani lesnich ekosystémi.
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Tato klasifikace doporucuje nasazeni harvestorové technologie na inosnych a podminéné
tinosnych ptidach do 100 kPa. Unosné podloZi je charakterizovano odolavanim mémému
tlaku ve stopé 200 kPa (hloubka koleje do 5 cm pfii jednordzovém pojezdu) a to i pfi
zménach vlhkosti ptidy. Unosnost podminéna je charakterizovana proménlivou inosnosti
pudy v rozmezi 50 az 200 kPa v zéavislosti na zménach podminek. Celoro¢ni planovani
tézebni Cinnosti a prechod na nasazovani lesni techniky do lesnich porostti v prib&hu
celého roku znacné zvysily rozsah moznych negativnich disledkt této hospodaiské
¢innosti, pokud neni akceptovédna u fady typt pidy sezéonni tinosnost ptidniho podkladu.
Na podminéné unosnych ptidach je proto nasazeni harvestorové technologie mozné jen

za sucha ¢i za mrazu (Zlatuska et al., 2020).

3.6 Dieviny vhodné pro vyrobu suroveho dfivi harvestory

V Ceské republice je aktualné 68 % jehli¢natych dievin, z toho 46,8 % smrku,
16 % borovice, 3,9 % modiinu, 1,3 % jedle a 0,4 % ostatnich jehli¢natych dfevin.
Z listnatych dievin zastoupenych 29,5 % je nejvice buku (9,6 %) a dubu (7,8 %). Celkova
plocha jehli¢natych lest se nadale zmensuje, zatimco podil listnatych lesi se stale, i kdyz
pozvolna, zvySuje (v roce 2022 o 0,8 %). Postupné klesd podil smrku a castené

1 borovice, zatimco podil buku a dubu naopak roste (MZe, 2023).

Harvestory jsou stroje konstruované pro téZbu jehlicnatych drevin, ale od zacatku
90. let bylo nékolik snah o téZbu listnatych stromil harvestory (Bigot & Cuchet, 2003).
Vzhledem ktomu, Ze harvestorové hlavice jsou konstruovany ve Skandindvii
a optimalizovany pro jehli¢naté stromy, jejich vyuziti v listnatych a smiSenych porostech,
které se Casto vyskytuji ve sttedni Evropé€, je omezené. Harvestory se pro téZbu listnatych
dievin nehodi z duvodu velkého rozvétvovani kmene, tlusté oddenkové ¢asti stromu,
vétSich neptfesnosti pfi méteni délky, silnych vétvi a vysoké hustoté dieva (Mederski et
al., 2022). I ptes to, ze byly kvili vétrné kalamité ve Francii v roce 1999 velké snahy
o té¢Zbu listnatych stromt harvestory, byla zjiSténa podstatné mensi produktivita a Castéjsi
opravy hlavic (Bigot & Cuchet, 2003). Studie vSak ukézaly, ze listnaté stromy v mladSich
porostech s ten¢imi vétvemi by mohly byt efektivné zpracovany harvestory (Mederski et
al.,, 2019). Pro kéceni listnatych stroma vétSich dimenzi je proto prozatim jedinou
moznosti manudlni tézba motorovou pilou (Labelle et al., 2018). U vSech dievin vyrobu
surového dfivi harvestorovou technologii komplikuje rozdvojeni kmene. Z tohoto

hlediska nejsou pro harvestory vyhodné porosty s vysSim zastoupenim rozdvojenych
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a kiivych stroma (Neruda et al., 2022). S pokracujicim vyvojem tézebni techniky jsou
dnes v praxi k dispozici harvestory se Sitkou stroje pod 1,8 m, tj. jsou vyuzitelné i pfi
vychovnych tézbach v mladych lesnich porostech. Mezi vyhody jejich nasazeni patii
vysoké produktivita, bezpecnost prace a pii kvalitné proskolené obsluze i minimalni
Skody na ponechanych stromech (Novak et al., 2019). Vzhledem ke klimatickym zméndm
a ubytku pracovnich sil v lesich se zd4, ze mechanizovana tézba listnatych porosti je
chybéjicim clankem mezi intenzivnéjSim a efektivnéjSim vyuzivanim lest. S ohledem na
soustavny pokles zajmu o manualni praci Ize o¢ekavat rostouci zajem o vyuziti harvestoru
k t¢zb¢ 1 u listnatych dievin. Béhem poslednich 15 let doslo k n¢kolika vétsim iniciativam
vedoucim k ndvrhu a vyvoji hlavic harvestori pro listnaté druhy, s ucasti instituci
a univerzit z Francie, Némecka a Polska. Vzhledem k soucasnému trendu a rostoucimu
tlaku na ziskdvéani feziva z listnatych dfevin ekonomicky efektivnim, bezpecnym
a Setrnym zpusobem, lze ocekévat, Ze vyvoj v tomto sméru bude pokracovat (Mederski

et al., 2022).

Naésledujici ¢ast prace zmitluje konkrétni tfi druhy jehlicnatych dievin (smrk
ztepily, borovici lesni a modiin opadavy), které jsou vhodné pro vyrobu diivi
harvestorovou technologii a byla jim vénovéana pozornost pti sbéru dat a vyhodnoceni

vysledkl v ¢lancich publikovanych v ramci této disertacni prace.

3.6.1 Smrk ztepily

Smrk ztepily (Picea abies) je jednou z nejvyznamnéjSich dievin Evropy jak
z ekonomického, tak ekologického hlediska (San-Miguel-Ayanz et al., 2016). Dievo
smrku ztepilého je vysoce cenéno pro svou kvalitu a univerzalnost. Tento jehli¢nan se
vyznafuje pifimym, Gzce kuZelovitym kmenem a pravidelnym pieslenitym vétvenim.
Dosahuje vysky az 50 metri a objem difevni suroviny miiZze presahovat 1 30 m*. Smrk
ztepily se doziva véku 350-400 let (Uradniek et al., 2001). Tento strom je dilleZitou
soucasti Ceskych lest, kde tvoti 46,8 % vsech lesnich porostti (MZe, 2023).

Smrk ztepily preferuje chladngjsi a vlh¢i klimatické podminky, typické pro horské
a podhorské oblasti. Jeho vysoké naroky na dostatek vody a mélky kotenovy systém
vedou k nizké odolnosti vii¢i extrémnim pfirodnim vliviim, jako jsou ndrazové vétry, silné
mrazy, napor snc¢hu a letni sucho, coz snizuje jeho schopnost branit se Skiidcim
(Uradnigek et al., 2001). V Ceské republice je viak &asto vysazovan i v nizsich polohach,

coz vede k problémiim s jeho zdravotnim stavem a odolnosti vici skiidciim, zejména
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lykozroutu smrkovému (Ips typographus). Z pohledu té€zby diivi harvestorovou
technologii je povazovan za velmi vhodnou dievinu. I kdyz jeho podil v ceskych lesich
mirn¢ klesa a do budoucna tento trend ziejm¢ potrvd, stile bude vyznamnou
hospodaiskou dfevinou. Harvestorovou technologii Ize efektivné vyuzit i ve vychovnych
zasazich u mladych smrkovych porosti. Modely vychovy smrkovych porosti pro
harvestorové technologie jsou pro riistové podminky CR piehledng uvedeny napiiklad

v certifikované metodice Novaka a kol. (2019).

3.6.2 Borovice lesni

Borovice lesni (Pinus sylvestris) je jednou z komercéné nejvyznamnéjSich dievin
v Evropé (Roszyk et al., 2020). Borovice je druh pochazejici z Eurasie, ktery se vyskytuje
v lesich od zapadni Evropy po vychodni Sibif a od severni Skandinavie po hory jizni
Evropy. Casto se vyskytuje na chudych pis¢itych a kamenitych ptidach nebo raselinistich,
na urodnéjSich ptdach ji obvykle konkuruji jiné druhy. Tento jehlicnan mtize dosahovat
vysky 35 m (v dobrych polohéch i 40 m) a ptiblizné tloustky 50 az 130 cm (Gardner,
2013; Mason & Alia, 2000; Xenakis et al., 2012). Jako pionyrsky druh je borovice
schopna rustu na chudych pudach, a tak je vysazovana jako protierozni opatieni,
vSak je, Ze borovice lesni se béZné pouzivala pro vyrobu buni¢iny a jako fezivo. Jeji
snadno zpracovatelné dievo, je jednim z nejpevnéjSich mezi mékkymi dievy a bézné se
pouziva v nadbytkafském a stavebnim primyslu (Auty et al., 2014; Cao et al., 2015;
Gardner, 2013; Routa et al., 2011).

Borovice lesni je jednim z vyznamnych jehli¢nand v lesich Ceské republiky. Podle
poslednich udaji Ministerstva zemédélstvi (MZe) z roku 2022 borovice lesni tvori
priblizné 16 % z celkové dievinné skladby ceskych lesti a je druhym nejzastoupenéj$im
jehlicnanem po smrku. U starSich borovic jsou vSak v korunach tlusté¢ vétve a dochazi
k problémim pfi protahovani kmene odvétvovacimi nozi. Proto jsou v tomto ptipadé
vhodné harvestorové hlavice se 4 protahovacimi valci s krat§im ramem, ktery se 1épe
prizpisobi tvaru kmene (Neruda et al., 2022). Harvestorovou technologii 1ze efektivné
vyuzit i ve vychovnych zdsazich u mladych borovych porosti. Modely vychovy borovych
porostii pro harvestorové technologie jsou pro riistové podminky CR piehledné uvedeny

naptiklad v certifikované metodice Novaka a kol. (2019).
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3.6.3 Modiin opadavy

Modiin opadavy (Larix decidua Mill.), jehli¢naty strom, ktery je v okolnich
zemich rozsifen v jihovychodni Francii, Svycarsku, severni Italii, jiznim Némecku,
Rakousku, Ceské republice, Slovensku, Polsku, Ukrajin¢ a Rumunsku (obrazek 1),
v riznych nadmotskych vyskach, mezi 600 a 2500 m n. m. Obecné je jeho rozsifeni

omezeno na malé oblasti, nejvetsi v Alpach (Farcas et al., 2013).
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Obrazek 1: Mapa rozsiteni modiinu opadavého v Evropé
zdroj: Euforgen, 2009

Modiin mé vysokou odolnost vi¢i chladu, toleranci vici teplu a rychly rust
v mladi. Modfin tak I1ze po odlesnéni péstovat na otevienych plochach. Jeho odolné
zakofenéni a na zimu opadavajici jehlice mu piedurcuji vyssi odolnost proti ptisobeni

vétru a rozvratu snéhem, nez je tomu u smrku a borovice (Farcas et al., 2013).

Modfin opadavy patii ke dfevindm s niz§im zastoupenim v ¢eskych lesich. Podle
udajt za rok 2022 (MZe, 2023) ptedstavuje 3,9 % dievinné skladby ¢eskych lesu. Je tak
tfetim nejzastoupenéjSim jehlicnanem po smrku a borovici. Soucasné studie ukazaly, ze
jde o geograficky ptivodni dievinu na uzemi Ceska (Pokorny et al., 2024). V minulosti
vSak nebyl v ¢eskych lesich nikdy vyraznéji zastoupen. Divodem byly i jeho ekologické
naroky, kdy jej lze povazovat za svétlomilnou dfevinu (Bottero et al., 2013), tedy
v hustych listnatych porostech konkurenceschopné slabou. V soucasnosti neni diivod tuto

dfevinu v hospodarskych lesich nevyuzivat. Modfin se pouziva pfedev§im pro péstovani
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smiSenych porosti ve formé jednotlivych a skupinovych smeési. Pomaha lesnikiim
zvySovat druhovou rozmanitost lesti, v roce 2022 jej vyuzili pti umélé obnove lest po
ktrovcové kalamité na celkové ploSe témét 2000 hektard, coz ptedstavovalo 5 %
z celkové rocni uméle zalesnéné plochy (MZe, 2023). Podle doporucené dievinné
skladby (MZe, 2023) by se zastoupeni modfinu v ¢eskych lesich mélo v budoucnu zvysit
na 4,2 %. Modfin je strom vhodny pro tézbu a zpracovani harvestory. A protoze modiin
tvofi Casto piimés smrkovych a borovych porostt, 1ze predpokladat, ze modiinové drivi
se bude pravdépodobné¢ vyskytovat ve vysSich objemech nez dnes ve vyrobé

harvestorovou technologii.

3.7 StanForD

Vyvoj informacnich technologii a jejich praktickych aplikaci ovlivnil i tézebné-
dopravni stroje. Tento vyvoj zacal jiz v osmdesatych letech, kdy Robert Bosch GmbH
vyvinul a zacal zavadét systémy do fizeni strojl, které¢ automaticky zaznamenavaly urcité
parametry pfi provadéni prace bez piimé ucasti cloveka (Peltola el al., 2003). V poloviné
osmdesatych let byl specidlné pro lesni stroje vyvinut komunika¢ni datovy standard
»otandard for Forest Machine Data and Communication (StanForD), ktery
shromazd’oval data z vyroby a provozu strojii a mnoho dalSich informaci dulezitych pro

analyzu téchto stroji a lidské prace (Palander et al., 2013).

S postupem casu se ptivodni verze standardu StanForD stala zastaralou, mnoho
promé&nnych ztratilo svlij vyznam a vyvstala potfeba dalSich obsahovych dat. V roce 2010
byl dokoncen a zaveden novy standard StanForD 2010 a ptvodni verze byla
prejmenovana na StanForD Classic (Arlinger & Mdller, 2010; Skogforsk, 2012a). Novy
standard funguje v otevieném formatu XML a k otevieni souboru neni potieba zadny
specificky software (Aigars, 2020). V Ceské republice vétina harvestorti v roce 2024
stale pouziva StanForD Classic, ktery umoZiuje zaznamenavat data ve vice neZ
20 standardnich typech soubort. Jedna se napt. *.KTR soubor pro kontrolni namétena
data, *.PRD soubor pro vyrobni data, *.STM soubor pro podrobné informace o kmeni,
* APT soubor pro zadavani vyroby v¢. druhovani diivi atd. StanForD nabizi vybér ze
14 riznych typl cen dilezitych pro stanoveni objemu diivi (Skogforsk, 2012b). Typy cen
specifikuji algoritmus pro stanoveni objemu na zdkladé nameétfenych udaji (tloustek
a délek) a také urcuji, zda je pro zafazeni vytezli do jednotlivych sortimentii pouzita

sttedova nebo ¢epova tloustka (Natov & Dvotdk, 2018).
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Shromazdéna data skytaji velky potencial pro zlepSovéani lesnickych provozi
a dodavatelského fetézce dieva zejména v dobé¢, kdy se prostiedi (pfiroda, spolecnost)
rychle méni (Kemmerer & Labelle, 2021). S postupujicim trendem lesnického primyslu
smérem k automatizaci strojii a optimalizaci vyrobniho fizeni se zvySuje zajem o sbér dat

pfimo z lesniho prostfedi (Jutila et al., 2007).

3.8 ZjiStovani objemu vyroby z prvotni evidence harvestor

Pti vyrobé surového diivi je nejprve strom pokacen pomoci harvestorové hlavice.
Poté je kmen pribézné odvétvovan a kracen na sortimenty. V hlavici harvestoru je
zabudovano méfici zafizeni, které béhem kéaceni a manipulace métfi délku a tloustku
kmene a optimalizuje tim vyrobu vyiezii. Veskeré namétené udaje jsou pak odesilany
a ukladany do pocitace stroje (Dvorak et al., 2012; Lukac, 2005; Soderberg et al., 2021;
Ulrich et al., 2002). V harvestorech jsou uloZeny datové soubory, které poskytuji
podrobné informace o délce, tlouStce, druhu dfeviny a sortimentu diivi (Rasinmiki &
Melkas, 2005; Soderberg et al., 2021). Pocita¢ vyuziva k stanoveni objemu zmétenou
délku a tloustku. Objem se pocita pro kazdy jednotlivy vytez, ale data lze také
akumulovat a nasledné zobrazit objem pro cely vytéZeny kmen nebo porost (Soderberg

etal., 2021).

Celkova délka vytezu, tedy nejkratsi vzdalenost mezi ¢elem a ¢epem, je udavana
s presnosti na 1 cm. Pro témét vSechny vytezy jehli¢natého 1 listnatého diivi je stanoven
ptidavek k délce (nadmeérek) ve vysi 2 % jmenovité délky (vyjma napt. vladkniny), ktery
se vSak do jmenovité délky nezapocitava (Neruda et al., 2022). Délka zobrazend na
pocitaci stroje je uvedena s presnosti +/- 2 cm plus velikost fezaciho okna, které obvykle
gini 3—4 cm. Rezaci okno je délkové ohrani¢ena &ast kmene (interval), ve které je
povoleno jeho zkraceni nad ramec souctu jmenovité délky a nadmeérku (FiSer &

Provaznik, 2012).

Megfeni tlousték probihd soucasné s méefenim délek (Lukac, 2005). S otaCenim
metictho kolecka dochédzi k nacitani impulsti, které jsou piendSeny do pocitace
a prepocitavany na délku. Odvétvovaci noze, resp. potenciometry, umisténé v jejich
pazdi, snimaji napéti, které¢ pocita¢ prevadi na redlné hodnoty tloustky, jez se zobrazuji
na obrazovce. Tloustka je tedy ur¢ena na zéklad¢€ rozevieni odvétvovacich nozl (Dvotak
et al., 2012). Néekteré typy harvestorti maji senzor umistén piimo na podavacich vélcich.

Tloustka kmene je méfena kazdy jeden centimetr, ale vyhodnocuje se v intervalech po
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10 centimetrech (Andersson & Dyson, 2002; Makkonen, 2001). Stiedni tloustka se tak
vypocita jako primér vSech naméfenych hodnot na jednom vytezu. Tento vysledny tdaj
se pouziva k urceni tloustky tenci Casti vyiezu (Cepu), ktery pak slouzi k tfidéni vytezi

do pozadovanych sortimentt (Lukac, 2005).

Pti vyrobé neni mozné protahnout cely kmen hlavici harvestoru najednou. Proto
pocitac vyuziva predikci tzn. postupny navrh vyrabénych sortimentti, pii které se spodni
¢ast kmene zméii a na zdklad¢ téchto udaji se pro zbytek kmene vypocitd jeho

pravdépodobny tvar a navrhne vyroba pozadovanych sortimentti (Ulrich et al., 2002).

Celkovy objem vyfezu stanovuje vyrobné-evidencni software harvestoru dle
zmétené délky a tloustky. Tento objem je stanoven pomoci algoritmu, ktery je pfedem
vybran ve vyrobné-eviden¢nim softwaru stroje (Neruda et al., 2015). Standard StanForD
nabizi rizné typy cen (tzv. price categories), které¢ urcuji jak algoritmus pro stanoveni
objemu vytezu, tak zptisob druhovani vyfezu podle jeho sttedové nebo ¢epové tloustky
(Skogforsk, 2012a). Dillezitym parametrem pro stanoveni objemu je také urceni, z jaké
délky (celkové, jmenovité) bude objem pocitdin (Wojnar, 2007). Harvestor stanovuje
objem na zaklad¢ ptfedem nastaveného vypoctového vzorce tzv. typt cen. V nasledujici
tabulce €. 1 jsou uvedeny metody stanoveni (vypoctu) objemu podle jednotlivych typil

cen.

Tabulka 1: Typy cen, které pouziva StanForD pro vypocet objemu a jejich popis

Typ ceny Popis typu ceny

Cena za metr krychlovy. Objem dle tloustky v nejmensim primeéru vyfezu
(Cepu).

Cena za metr krychlovy. Celkovy objem po sekcich. Objem se vypocita jako
skutecny objem vytezu (obvykle je objem d€len). To znamena, Ze vytez je
nejprve rozdélen do sekcei, napt. 10 cm. V kazdé sekci je zméfena stredni
tloustka. Celkovy objem se pak uvadi jako soucet objemu vSech sekci.
Cena za vyfez. Objem se stanovuje jako M3s (pfedchozi metoda) pii
registraci vysledku vyroby.

Cena za metr krychlovy. Norsky typ ceny. Objem se vypoc¢itava na
zéakladg¢ valce s teoretickym primérem na stiedu vytezu (M). Délka (L) je
celkova skutecnd délka v decimetrech. Je-li L v centimetrech, je zkracena
na decimetry (spodni tfida). Podle definice je primérma tfida u tloustky 1
cm (nezavisle na skutecnych cenach v cenové matici). Registrovana
tloustka (T) se meti 10 cm od vrcholu. Jestlize je T v milimetrech, je
zaokrouhlena na centimetry (spodni tiida). Pro ziskani tloustky ve stredu
kmene (M) se pouzije vzorec: M =T + (L/2 * 0,1) + 0,5

Objem se nasledné vypoc&ita v dm?® podle vzorce V = ((M/10)*(M/10)*
n/4*L

Ma3to

M3s

Log

M3sNO
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M3tobutt

Cena za metr krychlovy. Svédsky typ méfeni tloustky &ela a Gepu. Méfeni
tloustky vytezu s nebo bez kiiry ve vzdalenosti 10 cm od ¢epu a ve
vzdalenosti 10 cm od ¢ela vytezu. U oddenkového vytezu ale ve
vzdalenosti 50 cm od ¢ela vyiezu. Objem vyiezu se vypocitava z
pramérné hodnoty délky a priméru tiidy. Je-li tloustka vytezu
zaznamendna v mm nebo délka v cm, objem muize byt vypocitan jako dola
zaokrouhlena hodnota tloustky nebo délky. Méfenim Cela a Cepu vytezu se
objem vypocita podle nasledujiciho vzorce:

V = PI/4*L/100*[a*(Dr/1000) ~ 2+(1-a)*(Dt/1000)"2]. V je objem vytezu
v m?, L je délka vyiezu v cm, Dr je tloustka ¢ela vyiezu v mm a Dt je
tloustka ¢epu vyiezu v mm.

M3toDE

Cena za metr krychlovy. Némecky typ ceny. Objem je zalozen na namétené
sttedové tloust'ce a cenova matice je zaloZena na ¢epové tloustce. Sttedova
tloust’ka je zaokrouhlena na nejblizsi cm dolt tzv. HKS metoda.

M3miDE

Cena za metr krychlovy. Objem je zaloZen na naméfené stfedoveé tloust'ce a
cenova klasifikace je zaloZzena na stiedové tloustce. Tloustka je
zaokrouhlena na nejblizs$i cm dold tzv. HKS metoda.

M3smimi

Cena za metr krychlovy. Vypocet objemu je zaloZen na stiedové tloust'ce
(mm), ktery je ve skutecné (celkové) délce. Stejné tak jako cenova matice
je dle stfedové tloustky (mm).

Board feet

Cena za board feet. Americky typ ceny. Neni normativné definovan. Je
pouzitelnd celd fada riznych metod vypoctu.

M3sm

Cena za metr krychlovy. Méfena stfedova tloustka (mm) pro vypocet
objemu. Cenova matice je zaloZena na tloust'ce ¢epu (mm).

LogNO

Cena za kmen. Norsky typ ceny. Objem se méti podle kodu M3sNO pii
registraci vysledku vyroby.

M3sB

Cena za objem svazku. Hromadny objem vypocteny s vychozim
pramérem a délkou svazku.

M3sEST

Estonska funkce pro vypocet objemu/ Nilsoniv model. Vypocet
skutecného objemu na zakladé cepové tloustky vyfezu. Objem je pocitan
nasledovné: V=(D*D*L(al+a2*L)+a3*L*L)/10000

V=objem vyfezu m?* bez kiry, D= &epova tloustka v mm, L=délka vyiezu
v dm s alespofi jednim desetinnym mistem, al, a2 a a3=kuzelové
koeficienty zavislé na druhu dievin, které¢ jsou ulozeny v proml61 t2,
proml61 t3 aproml6l t4.

M3tos

Cena za metr krychlovy. Objem dle tloustky ¢epu (SED) podle typu ceny
1 pti registraci vysledku vyroby. Proménna 164 definuje piesné misto, kde
se méefi Cepova tloustka SED. Cenova matice dle skute¢ného objemu M3s,
jak je definovano v souladu s typem ceny 2.

Tti z t€chto typtl cen jsou relevantni pro pouziti v ¢eském lesnictvi - M3s, M3toDE
a M3miDE. Prvni, typ ceny M3s, pfedstavuje stanoveni objemu, ktery je nejblizsi
skutecnému objemu (Skogforsk, 2012a). Tento typ ceny je zalozen na stanoveni dil¢ich
objeml 10 cm dlouhych usekli kmene, které se néasledné sectou (princip Newtonovy
metody). Celkovy objem kmene je tedy vzdy souctem objemt vSech jeho usekd. Dalsi
dva typy cen, M3toDE a M3miDE, vyuzivaji algoritmus pro stanoveni objemu zaloZeny

na Huberové vzorci (Husch et al, 2003) a metodé¢ Handelsklassensortierung

Zdroj: Skogforsk, 2012a; Natov & Dvordk, 2018
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(HKS, tfidéni obchodovatelného diivi) (BW-HKS, 1983). Princip stanoveni objemu
podle typti cen M3s a M3toDE je graficky zndzornén na obrazku ¢. 2.

M3s M3toDE

10cm

RL (cm) RL (cm)

Obrazek 2: Princip stanoveni objemu dfivi podle typti cen M3s a M3toDE. Objem
stanoveny pomoci typu ceny M3s vychézi ze stanoveni dil¢ich objema 10 cm dlouhych
useki (segmentil), které se nasledné sectou. Naproti tomu typ ceny M3toDE stanovuje
objem na zékladé¢ stfedové tloustky (MD) kmene zaokrouhleného dolti na nejblizsi cely
centimetr. Oba typy cen vyjadiuji objem vyfezu pomoci jeho jmenovité délky (RL).

3.9 Kontrolni méfeni a kalibrace

Harvestory jsou vybaveny pocitacovymi méficimi systémy, které béhem
odvétvovani mefi kmen (Nieuwenhuis & Dooley, 2006). Z kazdého pokaceného stromu
1ze ziskat vys$si ekonomickou hodnotu, pokud jsou méfeni kmene provedena harvestorem
pfesna. Diky pfesnym méfenim kmene mulZe palubni pocita¢ harvestoru pomoci
operatorovi optimalizovat kraceni tak, aby z kazdého stromu ziskal co nejvyssi
ekonomicky efekt. Hodnotové ztraty zptisobené nepiesnostmi pfi mefeni harvestoru se
mohou pohybovat v rozmezi 3 az 23 %. NejcastéjSim problémem jsou nepiesnosti
v méfeni tlouStky a délky vytezli (Marshall, Murphy, & Boston, 2006). Efektivni
fungovani méficich systémi zdvisi na pravidelné a disledné kalibraci a na udrzbé
méficich zatizeni (Nieuwenhuis & Dooley, 2006). Operator harvestoru by mél pravidelné
ovéfovat pfesnost meéficich systémli  prostiednictvim  kontrolnich ~ méfeni
(Schlaghamersky, 2001). Kontrola méfeni délky a priméru harvestoru by se méla
provadét alespon jednou denné (Neruda et al., 2022). Kalibraci neni tfeba provadét, pokud
vysledky kontrolniho méfeni zlistavaji v mezich doporucené tolerance (Natov & Dvorak,
2018). Tolerance vysledku kontrolniho méfeni se mirn& 1ligi. V CR ma nejptisngjsi

pravidla statni podnik Lesy CR, ktery nepiipousti odchylku vétsi nez 2 % (Sarman, 2019).
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Natov a Dvorak (2018) uvadé¢ji, ze vysledny rozdil v celkovém objemu kontrolniho

meéfeni by nemél piekrocit 3 %. Nejcastéjsi je vSak zminovana hodnota odchylky od

vyrobct strojit 5 %, od které je nutné provadét kalibraci (Nieuwenhuis & Dooley, 2006).

Pokud se vSak pfi kontrolnim méteni ukaze, ze métici systémy nefunguji spravng,
je nutné je kalibrovat (Schlaghamersky, 2001). Kalibrace je rovnéz nezbytna pii zméné
tézebnich podminek, jako je naptiklad rozdilnd hmotnatost porostu, nebo po opravach
soucasti hlavice ¢i méficiho systému (Neruda et al., 2022). Kalibraci 1ze provadét bud’
manuélné, na zakladé hodnot rozmért vyfezii méfenych rucné, nebo elektronicky
(Wojnar, 2007). Elektronicka kalibrace se uplatituje pii pouziti digitdlnich pramérek,
které jsou vybaveny softwarem pro komunikaci s vyrobné-evidenénim softwarem
harvestoru podle standardu StanForD. Pro meéfeni délek se pouzivé digitalni nebo
analogové pasmo. Proces elektronické kalibrace je ¢aste¢né automatizovany a vyuziva
pfednastavené algoritmy jak v pramérce, tak ve vyrobné-evidenénim softwaru
harvestoru. Tento pfistup znacné redukuje subjektivitu a chyby zplsobené lidskym
faktorem, proto je také elektronicka kalibrace doporu¢ovéana jako priméarni metoda pro
spravné nastaveni métidel na harvestorové hlavici (Natov & Dvotak, 2018). Oba zptisoby
kalibrace jsou podrobné popsany v Doporucenych pravidlech pro elektronicky ptijem

dfivi harvestory v CR 2018 od Natova a Dvoiaka véetné podrobného obrazového navodu.

3.10 Kdura stromu

Kira (borka) je vnéjsi orgén stromu a jeji hlavni funkci je chranit floém a xylém
pfed fyzickym poSkozenim (Ferrenberg & Mitton, 2014). Kiira chrani pletiva kambia
stromu pied vnéjSimi biotickymi (napt. hmyzem, zvéii, houbami) a abiotickymi faktory
(napf. mraz, snih, oheil) (Jankovsky et al., 2019; Pasztory et al., 2016; Yilmaz et al., 2021;
Zeibig-Kichas et al., 2016). Klra strom@ poskytuje utoc¢isté¢ desitkdm organismd, je
stanovisté riznych ¢lenovct, obratlovei, lisejniki, mechorost a dalSich zivych tvort.
Vétsina téchto tvorti neposkozuje prostiedi, ve kterém 7iji, avSak existuji druhy, které

stromy poSkozuji, napiiklad dievomorka nebo kiirovei (Popp et al., 1991).

Kiira je v dnes$ni dob& cilem vyzkumii po celém svéte. U stromit zkoumaji
odbornici jak tloustku kiry, tak jeji celkovy objem (Bonyad et al., 2012). Jako ptiklad lze
uvést nékolik podstatnych vyzkumi. Naptiklad Yilmaz a kol. (2021) zkoumali tloustku
kiry dubovych porostll v severozapadnim Turecku nebo Bonyad (2012) v franu,

Jang a kol. (2016) se soustfedili na kiiru douglasky tisolist¢ v zapadni Montané ve
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Skalistych horach. Divodem, pro¢ se mnoho odbornikli ur€ovanim tloustky kiiry a jejiho
objemu zabyva, je vyuzitelnost a dilezitost znalosti téchto informaci v rdmci mnoha
pramysli, které pracuji se dfevem. Spravné stanoveni tloustky kiiry nebo jeji odhad je
také dilezity z hlediska ekonomiky v lesnictvi (Stangle et al., 2016). Nepfesné stanoveni
tloustky kiry mohou snizit hodnotu pro vlastnika lesa az o 11 % (Musi¢ et al., 2019).
Obecn¢ se preferuji modely urcujici tloustku kury, které jsou zaloZzeny na snadno
méfitelnych parametrech a nedestruktivnim odbéru vzorka (Cellini et al., 2012). Mensi
chybovost pfi pocitani kiiry je u stromt s hladsi kiirou jako buk a vétsi u druht, které maji

drsnou kiru jako je dub, topol, borovice ¢i modfin (Atha et al., 2005).

Tloustka, textura a objem klry zavisi na mnoha faktorech jako naptiklad druhu
dfeviny, genetice, vySce, v¢ku, tvaru, rychlosti ristu, biologické Zivotaschopnosti
a ekologické reprodukéni schopnosti (Berrill et al., 2020; Bonyad et al., 2012; West,
2004). Kura se tak vyrazné 1isi od extrémné drsné po mékkou podle druhu (West, 2004)
a prostiedi (Zeibig-Kichas et al., 2016). Tloustka kiry musi byt pfesné stanovena, aby
bylo moZzné urcit objemové zasoby diivi (Costa et al., 2020). Stanoveni objemu kiry jsou
pro lesniky velmi dilezité, protoze potiebuji znat obchodovatelné objemy kmeni
a odecitani objemu kiiry od celkového objemu poskytuje nejpohodIngjsi vypocetni
metodu (Jang et al., 2016). Pfi planovani profezavek potiebuji lesnici védét tloustku kiry
kvili odhadu vnitini tloustky dfivi (tloustky bez kiry). Tim se zajisti, ze pokacené
stromy budou spliovat pozadavky na minimalni tloustku Cepu, aby byly obchodovatelné

jako konkrétni sortimenty (Ashton & Kelty, 2018).

Béhem poslednich desetileti bylo vyvinuto mnoho matematickych rovnic, které
zohlediuji tloustku kiiry mnoha druhti stromt (Brickell, 1970; Cochran, 1976; Maguire
& Hann, 1990). Obecné piedpovidaji tloustku kiry v jakékoli dané vySce stromu
z tloustky kury v urcité referencni vysce (typicky tlouStka v prsni vysce) (Jang et al.,
2016). Vyvoj modelt pro urceni tlouStky kiiry stromli ma praktické vyuziti v lesnim
hospodarstvi a véd&. Vyzkumnici v dendrochronologii pouzivaji tloustku kiry
v modelech letokruhti. Védci v lesnictvi mohou pouZit tlouSt’ku kiiry k ur€eni a presnému
odhadu objemu kmene bez destruktivniho odbéru vzorkl externimi métenimi (Costa et
al., 2021; Li & Weiskittel, 2011; Marshall, Murphy, & Lachenbruch, 2006; Mosaffaei &
Jahani, 2021; Sonmez et al., 2007; Thomas & Bennett, 2014). Stanoveni tloustky kiry je
také zasadni pti posuzovani kvality dfeva, protoze klira neni brana v ivahu pfi urCovani

kvality a mnozstvi mnoha dfevénych produktl. Proto je tieba pii vypoctech souvisejicich
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s dfevem odecist tloustku kiiry (Mosaffaei & Jahani, 2021; Sonmez et al., 2007; Thomas
& Bennett, 2014). Z téchto divodl je stanoveni tloustky kiry zasadni (Yilmaz et al.,
2021).

Kira stromu ma vyznamné misto mezi zbytky z dievaiského priimyslu, protoze
muze tvorit 10-20 % celkového objemu kment (Parikka, 2004). Dle Wehenkela a kol.
(2012) objem kury tvoifi odhadem 10 % celkového objemu kmene. Dle jiné¢ho vyzkumu
provedeného ve Spojenych statech americkych u vice nez 150 druhti stromt je podil ktiry
z celkového objemu stromu od 12 do 15 % (Miles & Smith, 2009). Stanovit pfesné
mnozstvi ro¢n¢ vyprodukované kiry je komplikovany problém, jeho kvantifikace je
spojena se zna¢nou nejistotou, protoze se obchoduje pouze s malym podilem kiry
(Pasztory et al., 2016). Kira vyprodukovana v kalifornskych pilach se odhaduje na
celkem 2,2 az 2,6 miliont tun rocné (Yang & Jenkins, 2008). V Kanadé se rocné
vyprodukuje vice nez 17 milionti m? kiiry (Feng et al., 2013). MnozZstvi kiiry odstranéné
z vytézeného diivi v Madarsku dosahuje 500 az 600 tisic m* (Molnar, 2004), v Rusku

piiblizn& 30 milionti m> ro¢né (Melehov et al., 2015; Ushanova, 2012).

Ktlra nalezla vramci staleti své uplatnéni. Uz lidové IéCitelstvi pouzivalo
ptipravky z kliry akatu, vrby, jilmu, dubu a jasanu k 1é€b&é nemoci (Rapoti & Romvary,
1997). V nedavnych vyzkumech se kiira stale vice pouziva jako bioindikator polutantti ve
vzduchu. Pouziti kiry jako bioindikatoru je vyhodné, protoze kiira je nepfetrzité
vystavena znecCisténi ovzdusi. Ma velkou povrchovou plochu pro kontakt se vzduchem
a jeji struktura a poréznost pomaha udrZet zneciSténi déle neZ na povrchu list, kde je
muze dést’ snadno smyt (Bohm et al., 1998; Rimondi et al., 2020). V poslednich letech se
kira stromt stala dalezitym nedfevnim lesnim produktem pouzivanym v mnoha
odvétvich a vyrobach (Dutkuner & Koparan, 2016) a lze ji vyuzit jako vysoce hodnotny
biomaterial (Doruska et al., 2009). Zbytky kiry z dfevaiského a celulozového primyslu
jsou cenné jako mul¢, zdroj tiislovin v koZedélném primyslu (Pizzi, 2016; Stingle &
Dormann, 2018), zdroj biomasy pii vyrob¢ energie (Cellini et al., 2012), uhlikovy filtr
apalivo do kotle (Costa et al., 2020; Thomas & Bennett, 2014). Diky cennému
chemickému sloZeni se stromova kiira stdva vhodnym materidlem pro vyuziti
v kosmetickém priimyslu, potravinaiském pramyslu, ale také se fadi mezi nejoblibenéjsi
plodiny, které se sklizeji pro tradicni medicinu (Golubkina et al., 2022; Tanase et al.,

2019; Williams et al., 2007).
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V neposledni fad¢ je nutné zminit také jeden z hlavnich smérd vyuziti klry
stromd, ¢imz je myslena jeji tepelna konverze v energetice (Braghiroli & Passarini, 2020;
Wenig et al., 2021). Vzhledem k nedostatku surovin je zkoumani alternativnich paliv stale
vice nezbytné (Verkerk et al., 2011). Vyhievnost biomasy dievni kiiry se pohybuje od
15 do 23 MJ-kg—1 v zavislosti na hodnoceném druhu (Esteves et al., 2023; Fengel &
Gerd, 1983; Martinez-Pérez et al., 2015). Mnoho vyzkumnikii prokazalo, ze kira ma
vyss$i vyhievnost nez difevo (Holubcik et al., 2017; Kamperidou et al., 2018; Lehtikangas,
2001; Lykidis et al., 2023; Sobol et al., 2023). Jeho energetické vyuziti je nejvice
ovlivnéno skutecnosti, Ze obsah popela v kiife je mnohem vyssi nez ve dievé (Verkerk et

al., 2011).

Vyrobny energie zaloZené na biopalivech mohou vyuzivat kiiru jako surovinu.
Drevaiské podniky, které se specializuji pouze na zpracovani feziva, budou vSak
pravdépodobné vyzadovat oddéleni objemi kiry od objemi dfeva (Jang et al., 2016).
Kira stromG tedy pfedstavuje nejrozsifenéj$i pevny odpad =z lesnického
a dfevozpracujiciho primyslu, ktery lze vyuzit mnoha zplsoby (Zhao et al., 2021).
V ramci lesnického a dfevozpracujiciho priimyslu je nutné se odpocty kliry zabyvat, aby
byly vyuzity vhodné metody pro ziskani co nejpiesnéjsiho obchodovatelného objemu

diivi bez kiiry a objem samotné kiiry pro jeji dalsi zpracovani.

3.11 Prodej dtivi bez kiry

Metody odhadu dvojité tloustky kiry (ang. double bark thickness, DBT), které se
pouzivaji v praxi, byvaji casto specifické pro jednotlivé zemé. Tyto metody vychazeji
z historického vyvoje v danych regionech a reflektuji mistni potfeby odbornikl (Zacco,
1974). Ve sttedni Evropé se surové diivi obvykle prodava s kiirou, ale odbératelé plati za
objem obchodovatelného diivi stanoveny bez kiry (Diéguez Aranda et al., 2003). Dfivi
se méti s klirou a nasledné se pomoci riznych metod odecitani tloustky kury prevadi na
hodnoty bez kiiry (Avery & Burkhart, 2002). Hodnoty objemu diivi v krychlovych
metrech bez klry se nasledné zaznamenavaji do lesni hospodaiské evidence (Diéguez
Aranda et al., 2003). Obchodovatelné objemy diivi nejsou shodné se skute¢nym objemem
drivi. Existuji zde ztraty fiktivni a faktické. Mezi fiktivni lze fadit naptiklad ztraty
zpusobené vyuzitim raznych typi cen pro stanoveni objemu ¢i rtiznych metod odpoctu
kury. K faktickym fadime neregistrovany objem v ptidavcich k délce u vyfezii (nadmérek

a fezaci okno) ¢i neregistrovany objem hroubi v téZebnich zbytcich (zakracené Spice
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stromd, silné vétve, pafezy). Analyzadm neregistrovan¢ho objemu v pifidavcich k délce

jsme se vénovali v naSich studiich (Dvotdak et al., 2020; Lowe et al., 2019).

Standardni metodou zjistovani objemu diivi v CR je stanoveni objemu kment
pomoci Huberova vzorce na zaklad¢ délky kmene a stiedni tloustky méfené v kiie
s pouzitim modelové dedukce pro dvojnasobnou tloustku kiiry (Wojnar, 2007). Standard
StanForD umoziuje evidovat vyrobeny objem dfivi jak s ktirou, tak bez kliry (Natov &
Dvorték, 2018). Na vétsSiné vystupli z harvestoru je ale objem vyfezu uvadén bez kiry
(Wojnar, 2007). Pokud je pozadovéna evidence vyrobeného objemu dfivi bez kiry, je
nutné zadat hodnoty tloust’ky kiry, které budou odecteny od namétenych hodnot tloustky

vyfezii zmétenych s kirou (Natov & Dvorak, 2018).

Tloustku kiry Ize ve vyrobné-evidennim softwaru harvestoru zadat tfemi

zpisoby:

e Pasmovy odpocet
e Parametricky (linearni) odpocet dle SKOGFORSK 2004

e Parametricky (linearni) odpocet

Druhy znich, parametricky (linedrni) odpocet dle SKOGFORSK 2004, se
v podminkach CR nevyuZiva, protoze byl vyvinut s ohledem na riistové podminky pro
Svédské lesni hospodarstvi (Natov & Dvorak, 2018) a vyuZiva linearni modely pro

jednotlivé dfeviny sestavené pro rizné regiony Svédska.

Pasmovy odpocet umoziuje zadat hodnoty, kolik milimetri bude odecteno jako
srazka na klru s ohledem na tloustkova pasma (resp. tloustkové intervaly) kmene. Dle
Doporuéenych pravidel pro méfeni a tfidéni diivi v CR 2008 (dale jen ,,DPD*) (Wojnar,
2007) se pouziva deset tloustkovych pasem. Pro kazdé z téchto pasem byla stanovena
prumérna hodnota tloustky kury. Tyto hodnoty jsou uvedeny v Doporucenych pravidlech
pro elektronicky piijem diivi harvestory v CR (dale jen ,,DPE®) (Natov & Dvoidak, 2018)
v Casti Pfilohy. Pasmové odpocty, které lze zadat do softwaru harvestoru, byly pro
jednotlivé skupiny dfevin sestaveny na zaklad¢ nasledujicich vzorcii. Pouze pro modiin

byly hodnoty odvozeny od Valenty (2015).
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Objem vyiezu pted odkornénim se stanovi podle nasledujiciho vzorce:
s
ka = Z * (dsk - Zk)z * [ % 10_4
kde: Vpr — objem bez kiiry v metrech krychlovych; dy — stiedova tloustka métena
v kiife v centimetrech; £ — tloust’ka kliry v centimetrech; / — délka vyiezu v metrech.
Hodnota dvojnasobku tloustky kury je dana vztahem:
2k = potp, X di?

kde: k& — tloustka kary v centimetrech; dg — tlousStka vyiezu métfend v kife
v centimetrech; po az p» — parametry funkce zavislosti tloustky kiiry na tloust’ce vytezu,

stanovené pro jednotlivé dieviny (Tabulka 2).

Tabulka 2: Parametry funkce pfi odpoctu na kiru.

Drevina pO pl p2

smrk 0,57723 0,006897 1,3123
borovice-kiira 0,24017 0,001915 1,7866
ffgg;’ife’borka' 1,7015 0,008762 1,4568
buk 0,04088 0,16634 0,56076
dub 1,474 0,042323 1,0623

Zdroj: Wojnar, 2007

Parametricky model pouZzivany v sou¢asném lesnim hospodaistvi CR je
polynomicky aneni standardem StanForD podporovan. StanForD umoZiuje
parametricky odpocet kliry pouze linearné (Natov & Dvotak, 2018). Natov s Dvordkem
(2018) proto vytvofili vhodny linearni model, ktery se co nejvice blizi polynomu, ktery
je pouzivan v podminkach lesniho hospodaistvi CR. Tento model pouZiva parametry,
které jsou uvedeny v tabulce €. 3. Tyto parametry byly navrZzeny specificky pro podminky
¢eského lesniho hospodafstvi a vychazeji z publikace Tabulky a polynomy pro vypocet
objemu kulatiny bez kiiry podle stfedové tloustky méfené v kife (dale jen ,,TaP*) (Cerny
& Parez, 2009). Pro razné druhy dievin jsou stanoveny rtizné hodnoty jednotlivych
parametri. Kromé toho se hodnoty parametrii pro borovici lesni 1i8i v zavislosti na tom,
zda vytezy obsahuji hrubou (oddenkovou) kiiru nebo normalni tloustku kary (Natov &

Dvorték, 2018). K nastaveni odpoctu tloustky kiry, resp. odectu objemu kiry, je nutné
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pfistupovat velmi citlivé, a to predevsim pfi zpracovani smrku napadeného lykozroutem

smrkovym, kdy je ¢ast kiiry opadanéd a mohlo by dojit k nezadoucimu odectu kary.

Tabulka 3: Parametry linealni funkce sestavené Natovem & Dvorakem (2018) pro
srazku ktry dle standardu StanForD

y=a+ b*d A B

SM, JD (mm) 4,23 0,0269
BO kiira, VJ, DG (mm) 0,00 0,0482
BO borka (mm) 12,24 0,0633
MD (mm) 2,02 0,0637
BK, JV, HB, JR, LP, OS (mm) 3,52 0,0217
DB, JL, JS, BR, OL, TP (mm) 11,65 0,0560

V CR se objem diivi bez kiiry obvykle stanovuje na zékladé (i) méfeni stiedni
tloustky meétené v kufe (ve dvou kolmych métenich), zaokrouhlené¢ho dolti na nejblizsi
centimetr a (ii) zméfené jmenovité délky vyiezu nebo kmene (Laar & Akga, 2007). Od
roku 2002 se pti vyrobe€ a obchodu s jednotlivymi sortimenty dfivi pouzivaji Doporucena
pravidla pro méfeni a tfidéni dfivi (Indra, 2002), kterd byla v roce 2007 Wojnarem
aktualizovéna. Standardni metodou zjistovani objemu dfivi podle téchto tabulek je
stanoveni objemu kment pomoci Huberova vzorce podle délky kmene a stfedni tloustky
méfené v klife s pouZzitim modelové dedukce pro dvojnasobnou tlouStku kiry (Husch et
al., 2003). Standardni tabulky pouZzivané pro stanoveni objemu kulatiny jsou DPD
(Wojnar, 2007) a TaP (Cerny & Paiez, 2009). Valenta (2015) dale jen VAL sestavil rovnici
pro stanoveni dvojité tloustky kiry pfimo pro modiin. Jelikoz vySe zminéné metody
neuvazuji elektronické méteni diivi harvestory, Natov a Dvotak (2018) odvodili hodnoty
pro pasmovy odpocet kiry a parametricky (linedrni) odpocet, které uvadéji v DPE. DPE
slouzi jako manual pro praci s vyrobné — planovacim a vyrobné-evidenénim systémem
harvestort. Popisuje doporucena nastaveni softwaru harvestort, kterd splituji pozadavky
standardu StanForD Classic (Skogforsk, 2012a) a zajiSt'uji dodrZovani platnych ¢eskych
predpisti lesniho hospodaistvi a DPD (Wojnar, 2007). Ugelem t&chto tabulek bylo
identifikovat klicové rozdily mezi metodami meéfeni dfivi pouZivanymi systémy
harvestorti a harmonizovat postupy stanoveni objemu pouzivané v elektronickém méfeni.
Tabulky dale popisuji softwarova nastaveni, kterd maji pfimy vliv na vysledny vyrobeny
objem diivi, jako je vybér druhu dieviny, metoda odkornéni, typ ceny (urcuje algoritmus
pro stanoveni objemu) a typ délky pouZité pro stanoveni objemu (Natov & Dvorak, 2018).

Pro stanoveni objemu dfivi je nutné nejprve vybrat typ ceny. StanForD nabizi 14 typa
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cen, které pouzivaji sedm riznych algoritmi. Pro ¢eské lesnictvi jsou zajimavé tii z t€chto
typi cen — M3s, M3toDE a M3miDE. Prvni, typ ceny M3s, pfedstavuje stanoveni objemu
nejblize skuteCnému objemu a takovy, ktery lze pouzit jako referencni. Typ ceny M3s
vychézi ze stanoveni dil¢ich objemt 10 cm dlouhych sekci, které se nasledné sectou.
Celkovy objem tak vzdy vyjadiuje soucet vSech objemu jednotlivych sekci. Dva dalsi
typy cen, M3toDE a M3miDE, pouzivaji stejny algoritmus zalozeny na Huberové vzorci
a metod¢ HKS (Husch et al., 2003; Skogforsk, 2012b). Popis objemu dfivi stanovenych
podle riznych typl cen je detailné uveden ve 3. Clanku této disertacni prace. Natov
a Dvotak (2018) proto navrhuji pouzivat typy cen M3toDE nebo M3miDE, které
vyuzivaji stejny princip stanoveni objemu, jaky pozaduji DPD (Wojnar, 2007).
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4 Metodika

4.1 Sbér dat

Data pro clanky byla ziskdna z harvestoru John Deere 1270E vybaveného
harvestorovou hlavici Waratah 480C. Tento harvestor je stroj stfedniho vykonu, coz je
nejb&znéjsi tiida harvestorti v Ceské republice (MZe, 2023). Vyrobné evidenéni systém
TimberMatic (verze 1.19, Deere & Company: Moline, IL, USA) ukladal data ve
sjednoceném standardu StanForD Classic (Skogforsk, 2012a). Data byla sbirdna mezi
bfeznem 2017 a ¢ervnem 2018. S timto strojem byly po celé Ceské republice provadény
pfevazné mytni imyslné a v mensi mife nahodilé tézby. Harvestor témét vyhradné
zpracovaval jehli¢naté stromy. Prvni ¢lanek byl zaméfen na borovici lesni (Pinus
sylvestris), kterd predstavovala 10 % vSech stromil zpracovanych timto strojem. Druhy
¢lanek se zaméfil na data modiinu opadavého (Larix decidua), ktery tvotil 1,4 %
zpracovanych stromt. Ve tieti studii jsme analyzovali diivi smrku ztepilého (Picea abies)
s podilem 87,8 % zpracovanych stromi. Celkem bylo zpracovdno harvestorem 46 605

strom1, ze kterych bylo vyrobeno 267 947 vyiez.

Vyrobné-evidenéni systém harvestorii byl nakonfigurovan tak, aby automaticky
ukladal soubory s vytezy (*.stm), které obsahovaly rizné metriky (napt. délku a tloustku)
pro kazdy téZeny strom. Kazdy kmen byl automaticky kracen, tzv. druhovan, podle
nastaveni kategorizace sortimentli. Soubory kmenii obsahovaly naméiené tloustky po
kazdych deseti centimetrech délky vyiezu, stejné jako stanoveni objemu dle typu ceny
»M3s“ kazdého vytezu. Skogforsk (2012b) uvadi, Ze stanoveni objemu pomoci algoritmu
typu ceny ,,M3s* je nejbliZze redlnému objemu vytezu. Pti stanoveni objemu podle tohoto
algoritmu se tloustka s ktirou méti na kazdém konci 10 cm dlouhého segmentu vyiezu.
Tato méfeni jsou pak zprimérovana, ¢imz se segment piiblizuje valci. Primér z téchto
dvou méfeni se pak pouziva jako vstupni tloustka pro vypocet objemu segmentu podle
Huberova vzorce (Husch et al., 2003). Objem kazdého vytezu je nakonec vyjadien jako

soucet objemu vSech jeho deseticentimetrovych segmenti.

Pro zajisténi presnosti méfeni délky a tloustky bylo na zacatku kazdého pracovniho
dne provedeno kontrolni méfeni, pii kterém bylo pomoci digitalni primérky Haglof
Digitech Professional II, vybaveného digitdlnim pasmem Digitech Tape a softwarem

Skalman 6.11 (Haglof Sweden AB: Langsele, Svédsko), zméfeno 3—5 stromii. V piipadé
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potteby byla métidla délky a tloustky v hlavici stroje automaticky kalibrovéana. Kalibrace

systému spliovala pozadavky standardu StanForD.

4.2 Zpracovani a kategorizace dat

Data v souborech *.stm byla staZzena z vyrobné-evidenc¢nich softwart harvestort,
uloZena a nasledné pievedena do pracovniho souboru *.XLSX, do formatu souboru
MS Excel, pomoci aplikace STeMa, verze 1.0 (autor: Natov; rok vzniku: 2016). Aplikace
STeMa byla specialné navrzena pro analyzu souborli *.stm ulozenych harvestory
a splinuje pozadavky standardu StanForD Classic. Aplikace STeMa byla vytvofena ve
skriptovacim jazyce PHP jako webové aplikace s autorizovanym piistupem. Aplikace
nema grafické uzivatelské rozhrani a funguje prosttednictvim ptimé editace zdrojového
koédu. Data byla zkontrolovana a odstranény duplicitni soubory, anomalie a extrémni

hodnoty.

Kmen pokaceného stromu byl harvestorem kracen na jednotlivé vytezy. Kazdy
vytez predstavoval sortiment, ktery spliioval pozadavky dané zakaznikem (tj. dfevina,
¢epova tloustka, pozadovana jmenovita délka, jakost). Operator harvestoru urcil dfevinu
a kvalitu dfivi; poté software stroje na zdkladé¢ pfedem nastavenych kvantitativnich
parametrii navrhl konkrétni sortiment k vyrobé. S ohledem na potiebu nasledného
porovnani vysledkll s vyzkumy v zahrani¢i byly rozliSovany tfi skupiny sortimenti:
(1) Tézebni zbytky/Palivové diivi (firewood), coZ byla kvalitativné nejnizsi t¥ida dfivi
uréend pro energetické vyuziti; (ii) VIdknina (pulpwood), diivi uréené k vyrobé

vvvvv

pro primyslové zpracovani, fezivo, sloupy atd.

4.2.1 Objem s klirou a bez kiiry u borovice a modiinu

Objem kazdého vyfezu byl stanoven pomoci algoritmu typu ceny M3toDE
(VM3toDE). Tento objem byl stanoven na zakladé jmenovité délky a stfedni tloustky
vyfezu métené v milimetrech a zaokrouhlené doli na nejblizsi cely centimetr pomoci

metody HKS (BW-HKS, 1983). Objem vytezu byl stanoven podle rovnice (1):
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MD?
7 RL

Vimsronr =T X | 75000 | % 100

kde: Vwmswpe — objem vyfezu podle typu ceny M3toDE v metrech krychlovych
s kirou, 7 = 3,14, MD — stiedni tloustka v centimetrech, RL — jmenovita délka

v centimetrech.

V Cesku byla sestavena Doporuéena pravidla pro elektronicky piijem diivi
harvestory v CR 2018 (Natov & Dvorék, 2018). Proto byly pro stanoveni objemu diivi
bez kiry na zéklad€ typu ceny M3toDE pouzity dvé metody odpoctu kiry, které jsou
v této publikaci uvedeny ajsou podporovany softwarem harvestorti. Jednalo se
o pasmovy a linearni (parametricky) odpocet kiry. V obou téchto piipadech jsou
nastaveny samostatné hodnoty pro borovici a modiin. Naopak DPD (Wojnar, 2007) a TaP
(Cerny & Patez, 2009) nerozlisuji dvojity odpodet tloustky kiiry pro modiin samostatné,
ale pouzivaji pro néj stejné hodnoty jako pro borovici. DPD (Wojnar, 2007) pfi srazce na
kiiru u modiinu pouZivaji odpoétovou kategorii borovice — oddenky. TaP (Cerny & Pafez,

2009) modfin pti odpoctu fadi do kategorie borovice — kiira.

Nize jsou uvedeny jednotlivé metody odpoctu kiry, které byly v prvnim a druhém

¢lanku této prace vyuZzity.

* pasmovy odpocet kliry (metoda pouZzitelnd v softwaru harvestortt)

* parametricky (linearni) odpocet kiry (metoda pouzitelna v softwaru
harvestorti)

* metoda odpoctu kliry dle Valenty 2015 (parametricka nelinearni funkce,
nelze ji tedy pouzit v softwaru harvestorl) — pouZito pouze v piipadé
¢lanku na moditinové diivi

* metoda odecteni ktiry dle DPD (Wojnar, 2007) (parametricka nelinearni
funkce, nelze ji tedy pouzit v softwaru harvestori)

« metoda odpoétu kiry dle TaP (Cerny & Patez, 2009) (parametricka
nelinearni funkce, nelze ji tedy pouzit v softwaru harvestoril) - pouZito

pouze v piipad¢ ¢lanku na modiinové diivi
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4.2.2 Typy cen a jejich algoritmy pro stanoveni objemu

Software TimberMatic umoziiuje pouzit k vypoctu objemu 14 riliznych
vypoctovych vzorcti — typu cen (viz kap. 3. 8). Ve tfetim c¢lanku jsme analyzovali
7 z téchto typl cen. Zbylé vzorce byly z analyzy vylouCeny, protoze zplisob vypoctu
objemu nebyl fadn€ popsan, nebo slouceny, protoze obsahovaly stejny algoritmus pro
stanoveni objemu dfivi. VSechny tloustky vytezl byly méteny s kiirou. Objem vytezl

byl stanoven v metrech krychlovych véetné kliry a po€itan z jmenovité délky.

4.3 Statisticka analyza

Statistické analyzy byly provedeny ve statistickych softwarech R a Statistica 13.
Pro vSechny statistické testy byla zvolena hladina vyznamnosti a = 5 %. Popisna statistika
byla pouzita k ziskdni primérnych a souhrnnych hodnot jednotlivych proménnych.
Normalita dat byla vzdy testovdna pomoci Kolmogorov-Smirnovova testu normality.
U prvniho a druhého ¢lanku byly pouzity Parové Wilcoxonovy testy k testovani rozdilt
mezi objemy diivi s kiirou stanovenymi podle typ cen M3s a M3toDE. Friedmanova
ANOVA byla pouzita k testovani rozdili mezi stanovenim objemu dfivi bez kiry podle
M3toDE s riiznymi pfedem stanovenymi metodami odpoctu klry (prvni a druhy ¢lanek).
ANOVA byla také vyuzita pro testovani rozdili v stanovenych objemech diivi mezi
algoritmy, a to jak pro veskeré diivi dohromady, tak rozdélené podle sortimentti (tfeti
Clanek). Pro vicecetnd srovndni byl pouzit Neményiho post-hoc test, nasledovany
Bonferroniho metodou pro korekcei p-hodnoty (1. a 2. ¢lanek). U tietiho ¢lanku byly Post-
hoc testy (Tukey HSD) pouzity k zjisténi rozdil mezi stanovenim objemt diivi podle

piisluSnych algoritmi.
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5 Prehled publikovanych praci

Souhrn publikovanych praci je rozdélen do dvou tematickych okruht, které byly
rovnéz podrobn¢ popsany v metodické ¢asti. Prvni dva ¢lanky se vénuji analyze rozdila
mezi objemy diivi stanovenymi s ktirou a bez kliry u borovice a modfinu. U obou téchto
¢lankd je dizertant prvnim autorem. Tato sekce se sklada ze dvou praci publikovanych
v Casopisech s impakt faktorem. Druhy okruh se zabyva analyzou metod vypoctu objemu
vytezii podle standardu StanForD a zjistuje rozdily mezi objemy vyfezi stanovenymi
jednotlivymi algoritmy typt cen. U tohoto impaktovaného ¢lanku je dizertant na druhém
misté autorského kolektivu. VsSechny tii cile stanovené v této disertacni praci byly
splnény. Zavérem jsou jesté zminény dva ¢lanky, jejichz je dizertant spoluautorem — tyto
¢lanky se také zabyvaji vyrobné-evidenénim softwarem harvestort, ale nejsou piimo

propojeny s cili v zadani disertacni préace.
5.1 ZjiStovani objemu diivi borovice lesni vyrobeného harvestory

s klirou a bez kuiry

Originélni nazev: Estimation of Over- and Under-Bark Volume of Scots Pine

Timber Produced by Harvesters

Sedmikova, M.; Lowe, R.; Jankovsky, M.; Natov, P.; Linda, R.; Dvorék, J.
Estimation of Over- and Under-Bark Volume of Scots Pine Timber Produced by

Harvesters. Forests 2020, 11, 626. https://doi.org/10.3390/£11060626

Cilem této studie bylo analyzovat stanoveni objemu dfivi borovice lesni (Pinus
sylvestris) s kiirou a bez kiiry vyrobené stfedn¢ vykonnym harvestorem. Pro stanovena
objemu nabizi standard StanForD nékolik typi cen vyuzivajicich rizné algoritmy. Tti
z téchto typl cen jsou pouZzitelné pro ceské lesnictvi — M3s, M3toDE a M3miDE. Typ
ceny M3s je zalozen na stanoveni dil¢ich objemi v deseticentimetrovych sekcich, které
jsou secteny. Tento typ ceny tedy predstavuje stanoveni objemu nejblizsi skutecnému
objemu. Naopak typy cen M3toDE a M3miDE pouZivaji stejny algoritmus pro stanoveni
objemu, ktery je zalozen na principu Huberova vzorce, ktery vyuziva stiedni tloustku
zaokrouhlenou dola na nejblizsi cely centimetr. Typ ceny M3toDE podhodnotil objem
s kiirou o0 6,48 % ve srovnani s referencnim typem ceny M3s. Primérny objem diivi
stanoveny pomoci typu ceny M3s byl vyznamné vys§i nez objem M3toDE jak

v jednotlivych tfidach vyrdbénych sortimentt, tak bez tfidéni.
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Zjistili jsme vyznamné rozdily mezi stanovenim objemu bez kiry metodou
odpoc¢tu klry podle pasmovych odpocti a parametrickym (linearnim) odpoctem
pouzivanym v softwarech harvestorit podle Doporucenych pravidel pro elektronicky
pfijem diivi harvestory v CR 2018 (Natov a kol., 2018). Kalkulovano bylo s kategorii
s normalni tloustkou kury, ale i kategorii oddenkové kusy s hrubsi kiirou. Pro stanoveni
objemu diivi borovice lesni bez kiiry, ktery je srovnatelny s Doporu¢enymi pravidly pro
méfeni a tiidéni diivi v CR 2008 pii vyuziti parametrické nelinearni (polynomické)
metody odpoctu kiry (Wojnar, 2007), doporucujeme v softwaru harvestoru vyuzit
algoritmus typu ceny M3toDE s dvojnasobnou tloustkou klry ur¢enou metodou odpoctu

ktry podle pasmovych odpocti.
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Abstract: ITarvesters produce one third of timber in Czechia. The aim of this study was to analyze
the over- and under-bark volume estimates of Scots pine (Pinus sylvestris L.) timber produced by a
mid-performance harvester. The data were collected between March 2017 and June 2018. In total,
4661 stems cut into 29,834 logs were analyzed. For volume estimation, StanForD) offers several
price categories using various algorithms. Three of these price categories are relevant for Czech
forestry—M3s, M3toDE, and M3miDE. The M3s price category is based on the estimation of partial
volumes of 10 cm long sections, which are summed. Therefore, this price category represents the
volume estimation closest to the true volume. By comparison, the M3toDE and M3miDE price
categories use the same algorithm for volume estimation, which is based on the Huber formula
using a midspan diameter rounded down to the nearest whole centimeter. The M3toDE price
category underestimated the over-bark volume by 6.48% compared to the reference price category
M3s. The mean log volume estimated through the M3s price category was significantly higher than
the M3toDE volume both in individual grades and without grading. We found significant differences
between under-bark volume estimates by the diameter band bark deduction method (DBM) and
the parametric linear bark deduction method (PLM) used in harvester’s systems according to the
Guidelines for Electronic Scaling of Timber for Harvesters in Czechia (GEH) for Scots pine butt logs
with rough bark, and also for other logs with normal bark thickness. To obtain under-bark volume
estimates of Scots pine timber that are comparable with the Guidelines for Timber Scaling in Czechia
(GTS) using the parametric nonlinear bark deduction method (PNM), we recommend using the
algorithm of the M3toDIi price category, with double bark thickness determined by the diameter
band bark deduction method.

Keywords: Pinus sylvestris; StanForD); stem file; log; double bark thickness

1. Introduction

The use of harvester technology is closely linked to the cut-to-length (CTL) logging method [1].
This method represents a series of operations, during which standing trees are converted into timber
assortments directly at the stump location [2]. Mechanized harvesting increases productivity and
reduces production costs compared to motor-manual logging [3-6]. Therefore, the CTL method is
currently almost exclusively used for harvesting in some European countries, such as Finland, Sweden,
and Norway [7,8]. Duc to its high productivity, greater expansion in Czechia and other Central and
Eastern European countries can be expected, in connection to addressing the bark beetle crisis.

However, there are barriers to increasing the share of mechanized CTIL harvesting. Ferrari et al. [9]
mentions, in particular, the large capital expenses needed to purchase the machinery, followed
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by technical constraints such as terrain configuration or specics composition in a given region.
Additionally, a study conducted in the northeastern US showed that conventional whole-tree methods
are more productive than the CIT. logging method when harvesting small-diameter trees [10].
These obstacles reduce the potential share of timber processed by harvester technology in other
European countries [11,12]. In Czechia, the share of timber produced by harvesters was 32% in
2018 [13] and, according to Dvofdk et al. [14], may reach 50% in the future.

Harvesters can help substantially with streamlining the process of keeping production records,
particularly thosc related to the volume of produced timber and its parameters. In practice, the volume
of timber is estimated during or after harvest, and the accuracy of the estimates is vital, because the
volume directly translates to the revenues of forestry enterprises. The sale of timber is the primary source
of revenue in forestry. In addition to the effects of the accuracy of volume estimates on revenue, the
estimates also serve as inputs into forest management records and are used in industrial statistics [15].

The correct determination of the volume of an object depends on its shape. In forest mensuration,
the most widely used sectional methods for volume estimation based on tree stem geometry are
the Smalian, Huber, and Newton formulas. Each of these methods calculates volume based on
cross-sectional areas (circular), measured either at the log ends (Smalian), at its mid-point (Huber),
or at both ends and mid-point (Newton) [16]. The Newton formula gives the most exact results for
all classical geometries, such as paraboloid, cone, and neoloid [17]. However, Smalian and Huber
formulas are preferred in the field, because they are easier to apply, especially with regard to manual
measurement. When comparing the Huber and Smalian formulas, the first is more accurate [16]. It is
difficult to decide which geometric shape best fits a stem, because the average tree stem tapers into a
truncated neoloid at the lowest part, a truncated paraboloid at the central section, and a paraboloid or
cone at the top [18,19]. Moreover, it is virtually impossible to know exactly where one geometry ends
and another begins [20]. In practice, we cannot obtain a uniform stem shape in the forest. Historically,
the Huber method has been preferred to Smalian method in Europe [21].

In order to harmonize the various methods and techniques of timber scaling and grading,
guidclines for measuring and sorting timber have gradually been developed in most countries.
Therefore, we can find different approaches to estimating the volume of timber, and to using these data
to sell and record timber [22-24].

In Central Furope, raw timber is usually sold with the bark, though customers pay for the volume
of merchantable timber, estimated under the bark. Values of timber volume in cubic meters under
bark are then entered into the forest management records [25]. Finnish foresters typically employ
a combined sawmill and harvester measurement system of timber procurement, where timber is
first measured by the harvester and then at the sawmill. The sawmill measurement technology is
considered to be more reliable and accurate. Therefore, this method is the point, to which the harvester
data is referenced, resulting in errors of +4% by the Finnish standards [26]. Use of harvester technology
requires thorough familiarity with machine management, control, and information systems and their
settings. Data from these systems can be used as valid production records, provided the machines
are set up correctly and the measurement accuracy is regularly checked. Measurements are made
over-bark (0.b.) and subsequently converted to under-bark (u.b.) data using various bark thickness
deduction methods [27].

In Czechia, the under-bark volume of timber is typically estimated based on (i) the over-bark,
midspan diameter (in two perpendicular measurements), rounded down to the nearest centimeter
and (i) the required length of a log or stem [28]. Since 2002, the Guidelines for Timber Scaling in
Czechia (GTS) have been used in the production and trade of individual timber assortments [23],
and fully govern a large number of contracts between suppliers and customers. According to the
GTS [23], the under-bark volume of a log is estimated through the I Tuber formula [22]. If diameters are
measured over bark, the parametric nonlinear bark deduction method (PNM) is used to deduct the
double bark thickness. The parameters of the nonlinear models are based on the Czech Cubing Tables
(CCT) specified in the CSN 48 009 technical standard [29].
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The GTS only briefly describe measurements with specialized machines, such as harvesters.
Therefore, Natov and Dvordk [30] compiled the Guidelines for Electronic Scaling of Timber for
Harvesters in Czechia (GIIH). The GEIH serve as a manual for working with the wood procurement,
control, and information systems of harvesters. They describe the recommended settings of harvester
systems that meet the requirements of the StanForD Classic standard [31] and ensure that valid Czech
forest management regulations, as well as the GTS, are respected [30]. The intended purpose of the
GEH was to identify the key differences between the methods of timber scaling used by harvester
systems and harmonization of volume estimation practices used in electronic scaling.

The main sources of differences between the timber volume outputs from the harvester
measurement systems are the algorithm used for volume estimation [15] and the method used
for double bark thickness deduction [27]. The GEH describe the software settings that have a direct
effect on the resulting volume of timber recorded by harvesters, such as selecting the tree species,
bark deduction method, price category (which determines the algorithm for volume estimation),
and length used for volume estimation. To estimate the timber volume, it is first necessary to select
the price category. StanForD [32] offers 14 price categories that use seven different algorithms [15].
The differences between these algorithms in volume estimations of Norway spruce (Picea abies [L.]
Karst) logs were discussed by Lowe et al. [15]. Three of these price categories are relevant to Czech
forestry—M3s, M3toDIi, and M3miDL. The first, the M3s price category, represents the volume
estimation closest to the true volume [32] and, as such, can be used as a reference. The M3s price
category is based on the estimate of partial volumes of 10-cm-long log sections, which are then summed
(Newton method principle). The total volume of the log thus always represents the sum of all volumes
of the log sections. The two other price categories, M3toDI: and M3miDI:, both use an algorithm for
volume estimation based on the Huber formula [22] and the Handelsklassensortierung (sorting of
merchantable timber, ITKS) method [33]. The detailed description of log volumes estimated according
various to price categories was described by Lowe et al. [15].

Lowe et al. [15] pointed out that if the M3toDE and M3miDE price category algorithms are used,
timber production is significantly underestimated. Nevertheless, the GEH [30] promote using the
M3toDE or M3miDE price categories, as they use the same principle of volume estimation as required
by the GTS [23]. For volume estimation, the use of required length must be set in the harvester system.
If it is necessary to express the under-bark volume of timber, the GEH offers two bark deduction
methods that can be used in Czechia: (i) the diameter band bark deduction method (DBM) and (ii) the
parametric linear bark deduction method (PLM). It is not possible to use the PNM according to the GTS,
because polynomial functions are not supported by StanForD. The DBM allows setting the thickness
(in millimeters) to be deducted from the midspan diameter as the double bark thickness with respect to
the diameter interval, to which the log belongs. The values of double bark thickness are based on the
CCT [29]. The parameters for PLLM were modified from parameters issued by Skogforsk [32], because
original parameters were created for the growth conditions of Swedish forestry. The parameters used
for PLM according to the GEIH were created based on the CCT [29]. Different parameters are used for
various tree species. Morcover, the parameters for Scots pine (Pinus sylvestris L.) differ even for one
stem, depending on whether stems include rough (butt log) bark or normal bark thickness.

This study deals with the determination of the over-bark volume differences of pine logs produced
by harvesters and the subsequent differences of under-bark volume estimates resulting from using bark
deduction methods recommended by the GEII [30] compared to the polynomial function reported
by GTS [23]. The aims of this study are: (i) to confirm that the volume estimated using the M3toDE
price category algorithm significantly underestimates the volume compared to the M3s price category
algorithm, (ii) to analyze the differences between over-bark volumes estimated by M3s and M3toDE
price categories for various assortment grades, (iii) to analyze the differences between over-bark
volumes estimated by M3s and M3toDE price categories for various required length categories,
(iv) to analyze the differences between M3toDE under-bark volumes obtained by three different
bark deduction methods (DBM, PLM, PNM), using parameters for Scots pine stems with rough bark
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(butt logs), and (v) to analyze the differences between M3toDE under-bark volumes obtained by three
different bark deduction methods (DBM, PLM, PNM), using parameters for Scots pine stems with
normal bark thickness.

2. Materials and Methods

2.1. Data Collection

Data were obtained from a John Deere 1270E harvester equipped with a Waratah 480C harvester
head. The harvester was a mid-performance machine, the most common harvester class in Czechia [34].
The TimberMatic control and information system (1.19, Deere & Company: Moline, IL, USA) saved
data in the unified StanForl) Classic standard [31]. The data were collected between March 2017 and
June 2018. Mainly final and salvage fellings were carried out with the machine throughout Czechia.
The harvester almost exclusively processed coniferous trees. Scots pine (Pinus syloestris L.) represented
almost 10% of all stems processed by the machine. We used the same data set as Léwe et al. [15],
however in this study, we only used Scots pine data.

The control and information system of the harvester was pre-set to automatically save stem files
(.stm), which contain metrics (such as length and diameter data) of each felled tree [35]. Lach stem was
cut into 1-14 logs. The stem files contained measured diameters for every 10 cm of log length, as well
as the M3s volume estimate of each log.

To ensurc accuracy of length and diameter measurements, a control measurement was carried out
at the beginning of each work day by measuring 3-5 trees with a Haglof Digitech Professional 11 digital
caliper, equipped with a Digitech Tape and Skalman 6.11 software (Haglof Sweden AB: Langsele, Sweden).
If necessary, length and diameter gauges were automatically calibrated in the harvester head of the
machine. A detailed procedure for control measurement and calibration was described by Lowe et al. [15].

2.2. Data Processing and Categorization of Assortments

Data stored in stem files were transferred to MS Excel file format. For the data conversion, we
used the STeMa application, version 1.0 (author: Natov P., year 2016). The application can read and
extract data from stem files in the Stanl'orD Classic standard. The resulting database was cleared of
extreme values. A total of 4661 stem files were analyzed, containing data on 29,834 produced logs.
The converted variables were as follows:

e Tree species (TS)—distinguished the tree species (this study used only Scots pine logs).

e  Assortment (AS)—contained information about the inclusion of the log into the assortment
according to the required parameters of customers.

e  Midspan diameter (MD)—expressed the log diameter (in mm over bark) measured in the middle
of its required length.

e  Top end diameter (TD)—expressed the log diameter (in mm over bark) measured at the end of
the log required length and served as one of the quantitative parameters for classifying the log
into assortments.

e Total length (TL)—contained the value of the real length of the log (in cm).

e Required length (RL)—contained the value of the minimum required length of the log (in cm) for
the given assortment.

e  Over-bark volume of a log according to the M3s price category (Vyas)—expressed the log volume
(in m? over bark) estimated by using the required length of the log.

We estimated the volume of each log using the algorithm of the M3toDL price category (Vvatonr)-
This volume was estimated based on the required length and the midspan diameter measured in
millimeters and rounded down to the nearest whole centimeter using the HKS method [33]. The log
volume was estimated according to Equation (1):
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Varatonr = 70 X (MD¥4/10000) x RL/100 @)

1

where Viaiopr is the log volume according to the M3tolJE price category (m® over bark), = = 3.14,
MD is the midspan diameter (cm), RL is the required length (cm).

The principle of estimating volume according to the M3s and M3toDE price categories is graphically
illustrated in Figure 1.

M3s M3toDE

10cm

RL {cm) R {em)

Figure 1. The principle of estimating timber volume according to the M3s and M3toDE price categories.
The volume estimated using the M3s price category is based on the estimation of partial volumes
of 10 em long sections, which are then summed. In contrast, the M3toDDE price category estimates
volume based on the midspan diameter (MD) of the log rounded down to the nearest whole centimeter.
Both price categories express the volume of the log using its required length (RL).

Tach log produced by the harvester represented a certain assortment that met specific requirements
of the customer (tree species, top end diameter, required length, grade). When the tree was cut, the
harvester operator first determined the tree species and the quality of timber, then the machine software
suggested a specific assortment to be produced based on pre-set quantitative parameters. The same
grading method was also used by Lowe et al. [15]. Logs were also categorized according to their
required length and midspan diameter. Table 1 shows the relative distribution of required lengths and
midspan diameters of logs in the span of 100 mm over bark for diameters and 100 cm for length.

Table 1. The relative distribution of required lengths and midspan diameters of logs.

Assortment Grade
Midspan Diameter All Logs
Roundwood Pulpwood Firewood

0-100 mm o.b. 6.5% 0.0% 6.7% 33.5%
101-200 mm o.b. 42.6% 15.4% 56.8%

201-300 mm o.b. 37.7% 59.6% 8.4%

301400 mm o.b. 11.9% 22.5% 1.3%

401-500 mm o.b. 1.2% 2.3% 0.0%

501-600 mm o.b. 0.1% 0.2% 0.0%

601-700 mm o.b. <0.1% 0.0% 0.0%
100.0% 100.0% 100.0%

Required Length

0-100 cm 1.2% 0.0% 0.0% 12.6%
101-200 cm 54.7% 0.0% 100.0% 56.9%
201-300 cm. 24.1% 52.3% 0.0% 27.2%

301-400 co. 20.0% 47.7% 0.0% 3.3%
100.0% 100.0% 100.0% 100.0%

Notes: o.b.—over bark.
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2.3. Bark Deduction Methods and Under-Bark Volume Estimates

To estimate the under-bark volume according to the M3toDI price category, two bark deduction
methods (the DBM and the PLLM) available in the control and information systems according to the
GEH [30] were used. Then, the PNM according to the GTS [23] was used as a reference to enable
comparison of the bark deduction method accuracy.

The double bark thickness values within the DBM were determined for 10 diameter bands
published by Wojnar [23] and are shown in Table 2. The second method used for determining the bark
deduction was PLM. The parameters of the lincar model were fitted for Czech growth conditions [30]
and were limited by the upper margin of the midspan diameter to 700 mm over bark, because
most harvesters in the Czechia are equipped with harvester heads that can process logs up to that
diameter [36]. Equation (2) was used to calculate the double bark thickness according to the PLM:

DBTprp =a + MD X b (2)

where DBTpyz is the double bark thickness according to the PLM (mm over bark), MD is the measured
midspan diameter (mm), 2 = 0.00 and b = 0.0482 (for Scots pine logs with normal bark), or 2 = 12.24
and b = 0.0633 (for Scots pine butt logs with rough bark).

Table 2. The double bark thickness values of the diameter band bark deduction method (DBM) used
for under-bark volume estimation of Scots pine timber in harvester systems according to the GEIT [30].
The values for each diameter band vary depending on whether it is a butt log with rough bark or a log
with normal bark thickness.

Scots Pine (Pinus sylvestris)
Double Bark Thickness (DBT gy, mm)
Butt Logs (Rough Bark}) Logs (Normal Bark)

Midspan Diameter (mm o.b.)

0-79 17.71 2.86
80-149 20.00 414
150-219 22.86 571
220-289 26.57 8.43
290-359 30.71 11.71
360-429 35.29 15.86
430499 40.14 20.29
500-569 4543 2543
570-639 51.14 31.14
640-700 57.00 37.43

Notes: o.b.—over bark, DBTpgy—double bark thickness according to the diameter band bark deduction method.

To compare, the double bark thickness was also determined by the PNM, as reported by Wojnar [23].
The parameters of the PNM are, similarly to the PLM, based on the CCT [29]. However, the PNM uses
a quadratic equation, and therefore cannot be used in the harvester system. The Fquation (3) was used
to calculate the double bark thickness according to the PNM:

DBTPNM =po+ m X ]\/ID"2 (3)

where DBTpyy is the double bark thickness according to the PNM (mm over bark), MD is the measured
midspan diameter (mm), py = 0.24017, p; = 0.001915 and p, = 1.7866 (for Scots pine logs with normal
bark), or pg = 1.7015, p1 = 0.008762 and p;, = 1.4568 (for Scots pine butt logs with rough bark).

A graphical comparison of the double bark thickness curves of all three bark deduction methods
is shown in Figure 2.
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Figure 2. Comparison of double bark thickness curves using three various bark deduction methods
(PNM, PLM, DBM) for Scots pine butt logs with rough bark (A) and for Scots pine logs with normal
bark thickness (B).

Subsequently, we estimated the under-bark volume (m®) for each log using these three bark
deduction methods (DBM, PLM, PNM). To estimate the under-bark volumes, only the M3toDE price
category was used throughout this study as recommended by Natov and Dvofdak [30] for harvesters
in Czechia. Therefore, Equation (1) was used again. However, in this case, the value of midspan
diameter (MD; cm) used in Equation (1) was the value obtained by subtracting the double bark
thickness (DB'T, mm) from the measured midspan diameter (MDD, mm over bark), rounded down to the
nearest centimeter. By substituting the calculated under-bark midspan diameter (cm) into the formula,
the under-bark volume (m®) was estimated. The under-bark volumes estimated according to these
three different bark deduction methods were identified as Vpgym, Vv, and Veau.

The log cut first from each stem was identified as the butt log. Butt logs were assumed to have
rough bark, and therefore the under-bark volume estimates were simulated using parameters for Scots
pine butt logs with rough bark. Tor the remaining logs (from the second to the last log), where rough
bark was not expected, the under-bark volume estimates were simulated using parameters for Scots
pine logs with normal bark thickness.
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2.4. Data Analyses

Statistical analyses were performed in the statistical software R [37]. Descriptive statistics were
used to obtain average and summary values of individual variables. Data normality was always tested
using the Kolmogorov-Smirnov normality test. Paired Wilcoxon rank-sum tests were used to test the
differences between over-bark volumes estimated according to the M3s and M3toDE price categories
in individual assortment grades and required length categories. Friedman’s ANOVA was used to test
the differences between the M3toDL under-bark volume estimates using the DBM, PLM and PNM
bark deduction methods. The Neményi post-hoc test, followed by the Bonferroni method for p-value
correction, was used for multiple comparisons. A significance level of « = 5% was chosen for all
statistical tests.

3. Results

Overall, 4661 Scots pine stems were processed into 29,834 logs by the machine. The logs were
measured by the machine and two different algorithms of the M3s and M3toDIi price categories were
used for over-bark volume estimation (Table 3). The total over-bark volume of all logs estimated by
the M3s price category was higher than that estimated by the M3toDE price category. This was also
true for the total over-bark volume of the logs in each assortment grade (Table 3).

Table 3. Measured Scots pine timber parameters and estimated over-bark volumes of logs according to
the M3s and M3toDE price categories.

Assortment Grade

Parameter of Logs All Logs
Roundwood Pulpwood Firewood
1n=29,834 n=12,276 n=14,751 n = 2807
Mean TL (cm) 259 (SD = 85) 344 (66) 203 (2) 180 (66)
Mean RL (cm) 252 (81) 332 (65) 200 (0) 180 (66)
Mean MD (mm o.b.) 209 (78) 261 (62) 181 (64) 128 (55)
Mean TD (mm o.b.) 198 (77) 250 (59) 169 (64) 118 (56)
Total Vygss (m? 0.b.) 344418 2525.89 843.98 74.31
Total Vygatopr (n® 0.b.) 3220.94 2335.43 814.77 70.75
RID (% —6.48 -7.54 —3.46 —5.80

Notes: o.b.—over bark, SD—standard deviation, n—number of logs, Tl.—total length, RI.—required length,
MD—midspan diameter, TD—top end diameter, Viyzs—log over-bark volume estimate according to the M3s price
category [32], Vmaopu—Ilog over-bark volume estimate according to the M3toDT: price category [32], RD—relative
difference between the total over-bark volume of logs estimated according to the M3s price category and the total
over-bark volume estimated according to the M3toDE price category.

A significant difference was found between mean over-bark log volumes estimated according
to the M3s and M3toDE price categories (V = 406,897,487, p < 0.001), as Figure 3 shows. Significant
differences between mean over-bark log volumes were also found in individual assortment grades—in
the roundwood (V = 75,194,338, p < 0.001), pulpwood (V = 86,078,798, p < 0.001) and firewood
(V =2,645,658, p < 0.001), as Figure 4 shows.

Significant differences between mean over-bark log volumes were also found in each required
length category of logs—in the 0-100 cm (V = 36,568, p = 0.01), in the 101-200 cm (V = 102,461,502,
p <0.001), in the 201-300 cm (V = 25,761,921, p < 0.001), and in the 301-400 cm (V = 17,624,249, p < 0.001)
categorics, as Figure 5 shows.
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Figure 3. Differences between mean over-bark volumes estimated according to the M3s and M3toDE
price categories, regardless of Scots pine log assortment grade. The different letters (a, b) indicate
statistically significant differences revealed by the paired Wilcoxon rank-sum test (& = 5%), error bars
indicate a 95% confidence interval.
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Figure 4. Differences between mean over-bark volumes estimated according to the M3s and M3toDE
price categories in individual assortment grades of logs. The different letters (a, b) indicate statistically
significant differences revealed by the paired Wilcoxon rank-sum test (o = 5%) for cach grade separately.
Assortment grades are distinguished by text indices (RW, PW, FW), the error bars indicate a 95%
confidence interval.
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Figure 5. Differences between mean over-bark volumes estimated according to the M3s and M3toDE
price categories in individual required length categories of logs. The different letters (a, b) indicate
statistically significant differences revealed by the paired Wilcoxon rank-sum test (x = 5%) for each
grade separately. Required length categories are distinguished by indices (100, 200, 300, 400), the error
bars indicate a 95% confidence interval.

After separating butt logs from other logs, double bark thickness was determined for each log in
both groups according to the DBM, PLM, and PNM bark deduction methods. These values were then
used individually to estimate under-bark volumes of the log according to the M3toDE price category
(Table 4). 'The mean required length of butt logs was 292 cm and their mean midspan diameter was
267 mm. In contrast, the mean required length of other logs was 245 cm and their mean midspan
diameter was 196 mm. In the butt log group, bark accounted for 175.58 m® (18.91%) of the total volume
when using the DBM. Linear modelling (the PLM) yiclded a difference between over- and under-bark
volume of 185.93 m® (20.03%) and the PNM yielded a difference 177.32 m® (19.10%). In the other
log group, bark accounted for 165.30 m?® (7.21%) of the total volume when using the DBM. The PLM
yielded a difference between over- and under-bark volume of 231.97 m? (10.12%) and the PNM yielded
a difference 167.32 m® (7.30%).

We found a significant difference between the under-bark volumes estimated through the selected
bark deduction methods for butt logs (Friedman x? = 1076.7, df = 2, p < 0.001) and also for other logs
(Friedman x? = 13,710, df = 2, p < 0.001). However, multiple comparisons revealed that the difference
between under-bark volume estimates using the DBM and the PNM was not significant for butt logs
(p = 0.099; Figure 6A), as well as for other logs (p > 0.99; Figure 6B).
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Table 4. Measured Scots pine timber parameters and estimated under-bark volumes, using three
different bark deduction methods (12BM, PLM, PNM), for butt logs with rough bark and other logs

with normal bark thickness.

Parameter of Logs

Scots Pine (Pinus sylvestris)

Butt Logs (Rough Bark) Logs (Normal Bark)

n = 4661 n=25173
Mean Vagong (m® 0.b.) 0.199 0.091
Total Vasiene (i 0.b.) 928.266 2292675
Mean DBTpgy (mm) 28.2 6.7
Mean DBTp; pm (mm) 29.7 9.5
Mean DBTpnp (mm) 28.4 6.7
Total Vpgy (m? wb.) 752.686 2127.379
Total Vprpt (m® ub.) 742334 2060.705
Total Vpyy (m® ub.) 750.945 2125.359

Notes: o.b.—over bark, -—number of logs, Vyzepe—Ilog over-bark volume estimate according to the M3toDE price
category, DBTypy—double bark thickness according to the diameter band bark deduction method, DBTpp \y—double
bark thickness according to the parametric lincar bark deduction method, DBTpyy—double bark thickness according
to the parametric nonlinear bark deduction method, Vppy—log under-bark volume estimate according to the
M3toDE price category, using the diameter band bark deduction method, Vpra—log under-bark volume estimate
according to the M3toDE price category, using the parametric linear bark deduction method, Vpypy—Ilog under-bark
volume estimate according to the M3toDE price category, using the parametric nonlinear bark deduction method.
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0.1554

Log volume estimate [m3 under bark]

0.150

y y

PLM

DBM PNM
Bark deduction method

Figure 6. Cont.
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Figure 6. Differences between mean under-bark volumes of (A) Scots pine butt logs with rough
bark and (B) Scots pine logs with normal bark thickness, estimated according to the M3toDE price
category using selected bark deduction methods: PLM—Parametric linear bark deduction method [30],
DBM—Diameter band bark deduction method [30], PNM—Parametric nonlinear bark deduction
method [23]. The different letters (x, y) indicate significant differences revealed by the Neményi post-hoc
test with Bonferroni p-value correction («x = 5%), the error bars indicate a 95% confidence interval.

4. Discussion

The total over-bark volume of all produced Scots pine logs estimated according to the M3s price
category was 6.48% higher than the total volume estimated by the M3toDLi price category. A significant
difference was also found for the mean over-bark log volumes estimated through the two price
categories, both for all logs and particular assortment grades. Lowe et al. [15] found similar results in
a study of Norway spruce (Picea abies [1..] Karst) logs, where the results revealed that the difference
between the total volumes of these two price categories was 5.67% and significant for the roundwood,
pulpwood, and firewood grades. The relative differences found between the total volume estimated by
the M3s and M3toDe price categories in this study and in the study conducted by Léwe et al. [15] could
be caused by the tree species that was studied. The measured parameters of each tree species can be
affected by thickness and structure of the bark, surface and tapering of the stem, branching density, etc.
The midspan diameter and required length distributions of studied logs can also have some effect on
the relative difference between total volumes. Our results revealed significant differences between
mean over-bark volumes estimated by the M3s and M3toDe price categories, regardless of the log
required length.

However, based on the specific historical development of forestry in Czechia, the volume of timber
is typically estimated using the Huber formula [21] and from the log midspan diameter rounded down
to the closest centimeter [28]. This is despite the fact that it has been proven that the determination of
volume according to the Huber method underestimates the volume for geometric shapes, stch as cone
and neoloid, compared to the volume estimate by the Newton section method [16]. Therefore, unless
the overall approach to volume estimate in Czechia changes, the M3toDE or M3miDE price categories
(which use the same algorithm for volume estimation) need to be used in the control and information
systems of harvesters to comply the national standards and ensure records compatibility.

To estimate under-bark volumes of Scots pine logs produced by harvesters comparable to the
under-bark volume estimates according to Wojnar [23], the IDBM should be used rather than the PLM
bark deduction method proposed by Natov and Dvotak [30]. There was no significant difference
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between the mean under-bark volumes estimated by the DBM and the PNM; this result was found
both for butt logs and other logs.

However, it is important to note that the compared existing double bark thickness estimation
methods are based on dated material (the CCT were compiled in the 1970s). This is important, because,
e.g., Stangle and Dormann [38] and Stangle et al. [39], found that bark generation by trees has decreased
in Germany in a similar time frame. Therefore, perhaps the underlying data set should be evaluated
for validity.

For butt logs, we found that the difference between over-bark and under-bark M3toDE volumes
was the largest when using the PLM and smallest when using the DBM. Although there was a
statistically significant difference between the PLM and the PNV, the relative difference between these
methods was only 0.93% of the total over-bark volume. In comparison with other Scots pine logs with
normal bark, the difference between over-bark and under-bark volumes was also the largest when
using the PLM and smallest when using the DBM, while the relative difference between the PLM and
the PNM was significantly higher and reached 2.82%. According to other studies, bark can account
for 6% to 20% of the total log volume [40-42]. Lieping and Licpins [43] found that the average bark
proportion in Scots pine stem varies from 5.5% to 34.5%. These variations can be explained mainly
by the effect of tree age or its size. Bark thickness is also affected by the climatic zone, stem form,
site quality, latitude of forest stands, and other aspects [44-46]. Several bark variations of Scots pine
also exist [47].

When using the DBM and the PLM, different parameters are applied for butt logs with rough bark
and other logs with “normal” bark thickness. In this study, these methods were applied to individual
logs to demonstrate the differences in bark thickness. However, in practice, after cutting a tree, the
harvester operator must decide whether to choose a bark deduction for rough bark or for normal bark
thickness and, then, this type is used for all logs produced from the stem. The control and information
system of harvesters does not allow the selection of parameters for bark deduction for each log.

To obtain reliable outputs from harvesters, regular control measurements of harvester measuring
systems and, if necessary, calibration of the harvester, have to be performed [15]. If the settings of
individual timber production parameters of the control and information systems are understood
and regular control measurements of the accuracy of the measuring systems are performed, output
estimates of timber production comparable to those based on other measurement methods, e.g., manual
scaling or timber scanning, can be obtained [23].

5. Conclusions

In this study, we found that recording the over-bark volume of Scots pine logs through the M3toDE
price category resulted in its significant underestimation, compared to the reference M3s price category.
This would result in smaller revenues of foresters who use this price category to market their timber.
On average, about one-fifth of the butt log volume consisted of bark, whereas bark accounted for less
than 10% of the volume of other logs. The differences between the two studied double bark thickness
deduction methods and the reference PNM showed that only linear modelling (the PL.M) provided
significantly different results, while differences between PNM and DBM were insignificant. Based on
these results, we strongly recommend using the DBM if harvester outputs are to be compared with the
GTS results that use the PNM.

Because setting PLM parameters is simpler and saves time compared to setting individual DBM
values, the PLM can still be considered when using parameters for butt logs with rough bark. In this
case, statistically significant differences between the PLM and the PNM were also found, however,
the overall difference was smaller than 1%. On the other hand, this would complicate comparison with
manual measurement records. For other logs, with normal bark thickness, we strongly recommend
not using the PLM. In order to support these results, it would be appropriate to carry out a similar
experiment on a larger dataset from different harvesters. It would also be useful to carry out other
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studics to verify the differences between bark deduction methods recommended by the GEH for other
tree species in Czechia.
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5.2 Stanoveni objemu modiinového dfivi s kiirou a bez kiry
vyroben¢ho harvestory

Originalni nazev: Over- and under-bark volume estimation of European larch

timber produced by mechanized harvesting in Czechia

Lowe, M.; Lowe, R.; Jankovsky, M.; Natov, P.; Dvorak, J. Over- and under-bark
volume estimation of European larch timber produced by mechanized harvesting in
Czechia. Journal of Forest Science 2024, 70(7):381-390,
https://doi.org/10.17221/28/2024-JFS

Cilem této studie bylo analyzovat stanoveni objemu diivi modiinu evropského
vyrobeného harvestorem v Ceské republice s kiirou a bez kiry. Celkem bylo analyzovano
637 kment, ze kterych bylo vyrobeno 4 345 vyiez. Pro stanoveni objemu nabizi
standard StanForD n¢kolik typi cen s riiznymi algoritmy. V této studii byl pouzit typ ceny
M3s, ktery je zalozen na stanoveni dil¢ich objemt deseticentimetrovych tseki, které se
sectou. Tento objem byl porovnan s typem ceny M3toDE, ktery stanovil objem na zékladé
Huberova vzorce s pouzitim stfedni tloustky zaokrouhlené¢ dolti na nejblizsi cely
centimetr. Typ ceny M3toDE podhodnotil objem s kiirou 0 5,59 % oproti typu ceny M3s.
Pro pouziti v lesnické praxi v CR je vSak vzhledem ke standardizovanym postupiim
méfeni diivi na zakladé Huberova vzorce v sou¢asnosti nutné pouzivat typ ceny M3toDE.
Proto byl typ ceny M3toDE pouZit k porovnani podkornich objemt podle riiznych metod
odpoctu kiiry. Mezi vSemi péti zkoumanymi metodami byly nalezeny rozdily. Objemy
stanovené metodou pasmovych odpocti a parametrickou linedrni metodou odpoctu kiry,
které¢ je mozné pouzit v harvestorech, vSak oproti Valentové metod¢ dosahuji nizkych
rozdild, 0,25 %, resp. 0,66 %. Oproti tomu Doporucena pravidla pro méfeni a tfidéni dfivi
v CR (Wojnar, 2007) a Tabulky a polynomy pro vypoéet objemu kulatiny bez kiiry (Cerny
a Pafez, 2002), které se v soucasné dobé v Ceském lesnictvi pouZivaji pro stanoveni
objemu jednotlivych kmeni, podhodnocuji o 6,6 % (rozdil Valentovy metody oproti
Doporuc¢enym pravidlim od Wojnara) a nadhodnocuji o 6,3 % (rozdil Valentovy metody
oproti Tabulkim a polynomtim od Cerného a Pafeza). Je to dano pouzitim hodnot

z tabulek pro odpocet kiiry borovice lesni, nikoli pfimo modiinu evropského.

Pochopeni této dil¢i problematiky pomulze pii zaSkoleni obsluhy, ziskani
komplexnich znalosti o fungovani softwaru harvestoru a maximalizaci ekonomického
efektu pii prodeji modtinového diivi.
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Abstract: In Czechia, harvesters contributed 43% of the total annual timber production in 2022. It is assumed that
harvester technology will continue to be used intensively in the future, even though there is a change in the tree species
composition of forests after the recent bark beetle outbreak and an increase in the use of close-to-nature forest manage-
ment. The aim of this study was to analyse the over- and under-bark volume estimates of Furopean larch timber pro-
duced by a harvester in Czechia. This study used the M3s price calegory for volume estimation. This volume was com-
pared with the M3toDE price category. The M3toDE price category underestimated the over-bark volume by 5.59%
compared to the M3s price category. However, for use in forestry practice in Czechia it is currently necessary to use
the M3toDF price category. Therefore, the M3toDF price category was used to compare under-bark volumes according
to different bark deduction methods. Differences were found between all the five methods investigated. Understand-
ing this sub-issue will help in training operators, acquiring comprehensive knowledge about the functioning of har-
vester software and maximising the economic effect of the sale of larch timber.

Keywords: bark deduction methods; cut-to-length method; double bark thickness; Larix decidua; price catego-
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In recent years, we have seen a dynamic growth
in the use of the harvester technology (cut-to-
length method; CTL) for felling in Europe (Moskalik
et al. 2017). Mechanised harvesting increases pro-
ductivity and reduces production costs compared
o molor-manual felling (Zinkevic¢ius et al. 2012;
Spinclli ct al. 2014). The increase in the represen-
Lation of this technology in the total timber felling
was also helped by the bark beetle outbreaks in the
spruce forests. The CTL method is almost exclusive-
ly used for harvesting in some European countries,
such as Finland, Sweden, Norway and Estonia (Gel-

lerstedt, Dahlin 1999; Moskalik et al. 2017; Lundbick
et al. 2018). However, this does not apply in all Fu-
ropean countries, there are also some barriers Lo in-
creasing the share of C'IL harvesting, such as the
large capital expenses needed Lo purchase the ma-
chinery, lerrain configuration or species composi-
tion in a region (Ferrari ct al. 2012). 'Lhercfore, a low
level of mechanisation of timber harvesling is, for ex-
ample, in Bulgaria, Romania, Slovakia, and Ukraine
(Moskalik et al. 2017). In Czechia, the share of tim-
ber produced by harvesters has increased in the last
decade and reached 45% in 2022 (MoA 2023).
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‘The harvester technology is optimised for fell-
ing mainly in coniferous stands. Out of decidu-
ous tree species, only stands with beech and birch
to the age of 50 are considered (Dvoiik et al. 2011).
Other tree species are, from a technological point
of view, problematic for processing. However, even
this sector is being innovated and the possibilities
of harvester technology are developing. Harvester
heads are being modified, which enable debarking
or, for example, processing of other types of wood,
such as oak (Mederski et al. 2018). Furopean larch
(Larix decidua Mill.), a coniferous tree suitable for
processing by harvesters, belongs to the tree spe-
cies with a lower representation in the Czech for-
ests. According to data for 2022 (MoA 2023), it was
found on an area of over 102 000 ha of forest land,
which represented 3.9% of the tree species com-
position of Czech forests. It is thus the third most
represented conifer, after spruce (16.8%) and pine
(16.0%). Current studies have shown thatit is a geo-
graphically indigenous tree species in the terri-
tory of Czechia (Pokorny et al. 2023). In the past,
however, it was never significantly represented
in Czech forests. The reason was also its ecological
demands, when it can be considered a light-de-
manding tree (Bottero etal. 2013), i.e. competitively
weak in dense deciduous stands. There is currently
no reason not Lo use this tree species in economic
forests. Larch is mainly used for growing mixed
stands in the form of individual and group-like mix-
tures. It helps [oresters Lo increase the ree species
diversity of forests. In 2022, the larch was used dur-
ing the artificial restoration of forests after the bark
beetle outbreak on a total area of almost 2 000 ha,
which represented 5% of the total annual artificially
afforested area (MoA 2023). According to the rec-
ommended tree species composition (MoA 2023),
the representation of larch in Czech forests should
increase Lo 4.2% in the future. And since larch of-
ten forms an admixture of spruce and pine stands,
it can be assumed that larch timber will probably
occur in higher volumes than today in timber pro-
duction by harvester technology.

In Central Furope, timber dimensions are mea-
sured in bark bul sold (volume is calculated)
without bark. The bark volume is therefore pro-
vided to customers free of charge, and they can
contlinue o use it and profit from it (Jankovsky
ct al. 2023). The standard method of scaling timber
in Czechia is to estimate the volume of logs using
Huber's formula according Lo the log length and the
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midspan diameter measured in the bark with the
application of a model deduction for the double
bark thickness, as described in the Guidelines.
However, larch is not the main economic tree,
therefore it has not been given too much attention.
‘Lhe standard tables used for estimating the volume
of logs, which are the Guidelines for Timber Scaling
in Czechia (G'T'S; Wojnar 2007) and 'lables and Poly-
nomials for Estimating Under-bark Volume of Logs
(1P; Cerny, Patez 2002), use the same procedures
for determining the double bark thickness for
European larch as for Scots pine. Valenta (2015)
compiled an equation for determining double bark
thickness directly for larch. From this equation,
Natov and Dvordk (2018) derived the values for
the diameter band bark deduction method (DBM)
and the parametric linear bark deduction method
(PLM), which they present in the Guidelines
for Electronic Scaling of Timber for Harvesters
in Czechia (Natov, Dvordk 2018). 'Lhe harvester
software also offers several options for estimating
the over-bark volume of produced logs, the so-
called price categories, which are based on differ-
ent algorithms. However, there is only one method
(M3toDE) among them, whose algorithm coincides
with how timber is traded in Czechia, according
to the Guidelines for Timber Scaling in Czechia
(Wojnar 2007).

‘lhe aim of this study was to find out how the esti-
mated over-bark volumes of larch timber produced
by harvesters differ when using different price
categories (sectional, very accurate volume M3s
vs. volume based on the Huber M3toDE formula),
and even between different produced assortments.
Furthermore, the goal was to analyse the differ-
ences between the under-bark volumes of larch
timber estimated according to the two bark deduc-
tion methods, which can be used in the harvester
software, and three other bark deduction methods,
which are standardly used in Czech forestry when
estimating the under-bark volumes of larch logs.

MATERIAL AND METHODS

Data collection. The data utilised in this study
were collected from a John Deere 1270 harvest-
er (Deere & Company, USA) that was equipped
with a Waratah 480C harvester head (Waratah
Forestry Equipment, Finland). 'This machine used
the TimberMatic control and information system
(Version 1.19, 2016), which allows the storage
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of data in the unified StanForD Classic standard

(Skogforsk 2024). John Deere 1270F harvester

belongs to the mid-performance category, which

is the most prevalent harvester class in Czechia

(MoA  2023). Data collection lasted from

March 2017 to June 2018, primarily focusing on fi-

nal and salvage fellings conducted across Czechia.

The harvester predominantly processed conifer-

ous trees, mostly Norway spruce (Picea abies)

and Scots pine (Pinus sylvestris). The dataset used

in this study overlaps with that of Lowe et al. (2019)

and Sedmikova et al. (2020); however only Euro-

pean larch data were utilised here.

The harvester's control and information system
was configured to automatically generate stem files
(.stm), which contained various metrics (e.g. length
and diamctler) for cach processed tree (Skog-
forsk 2007). Each stem of larch was automatically
cut into 1-12 logs according to the assortment cat-
cgorisation sclting, with measured diamelers pro-
vided for every 10 ¢m of log length, along with M3s
volume estimate for each log.

To ensure the accuracy of length and diameter
measurements, a control measurement proce-
dure was implemented at the onset of each work-
day. 'lhe Haglof Digitech Professional 11 digital
caliper (Haglof Sweden AB, Sweden) equipped
with Digilech Tape and Skalman software (Ver-
sion 6.11, 2016) was used for it. 'The procedure
of control measurement was previously described
by Léwe et al. (2019) and Sedmikovid et al. (2020).

Data processing. Data contained within the
stem files was migrated into the MS Excel file for-
mal. This data conversion process was [acililated
using the STeMa application developed by Natov
in 2016 (Version 1.0, 2016). Following the conver-
sion, the resulling database underwent a thorough
screening to eliminate any outliers or extreme val-
ues. In total, 637 stem files were analysed, contain-
ing data from 4 345 produced logs.

'The variables under consideration were as follows:
— Tree species (TS): This study exclusively focused

on Europcan larch.

— Assortment (AS): This variable contained details
regarding the classification of the log into assort-
ments based on specified customer requirements.

— Midspan diameter (MD): MD denoted the di-
ameler of the log (measured in millimetres over
bark) in the middle of its required length.

— Top end diameter (TD): TD represented the di-
ameler of the log (measured in millimetres over
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bark) at the end of its required length, serving
as one of the quantitative parameters for assort-
ment classification.

— Required length (RL): RL denoted the minimum
required length of the log (measured in centime-
tres) for a particular assortment.

— Total length (71): TL contained the real length
of the log (measured in centimetres).

— Over-bark volume of a log according to the M3s
price category (Vye): Vi indicated the volume
of the log (measured in cubic metres over bark)
estimated using the required length of the log.
Using the M3toDE price category algorithm,

we calculated the volume of each log (designated

as Visepe)- 1his volume estimation is based on the
required length and midspan diameter, measured
in millimetres, and was rounded down lo the
nearest whole centimetre using the HKS method

(Handelsklassensortierung — trade class sorting;

BW-HKS 1983).

‘The log volume was estimated according to Equa-

tion (1):

MD?
1 RL
10000 100

Vitsope = X

where:

Viswpe  — log volume according to the M3toDE price
category (m” over bark);

MD — midspan diameter (cm);

RIL - required length (cm).

The principle of estimaling volume according
to the M3s and M3toDE price categories is de-
scribed in detail and graphically illustrated in the
study by Sedmikovd et al. (2020).

Categorisation of assortments. The harvester
produced logs that represented specific assort-
ments. Fach assortment met specific requirements
of the customer, which included parameters such
as tree species, top end diameter, required length,
and grade. Upon felling a tree, the harvester opera-
tor initially identified the tree species and assessed
the timber quality (grade). Subsequently, the ma-
chine software proposed to produce a suitable as-
sortment based on predetermined quantitative
parameters. This grading method was also used
by Lowe ct al. (2019).

Bark thickness deduction methods. In Czechia,
the Guidelines for Electronic Scaling of Timber for
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Harvesters in Czechia, GEH (Natov, Dvoiak 2018)
were developed. Therefore, to estimate the un-
der-bark volume based on the M3toDE price cat-
egory, two bark deduction methods, which are
listed in GEH and are supported by the control
and information system of harvesters, were used.
It was the diameter band bark deduction method
(DBM) and the parametric linear bark deduction
method (PLM). Values and parameters of these
bark deduction methods for larch were created
in GEH based on the method reported by Valenta
(2015). However, the bark deduction method de-
veloped by Valenta (2015) could not be used direct-
ly in GEH because polynomial funclions are not
supported in the StanForD.

For comparison, double bark thickness values
were calculated commonly in Czechia for all logs
according to the methods developed by Valenta
(2015). We also added two more methods which are
very common in Czechia. Their disadvantage is that
they do not differentiate the double bark thickness
estimation for Furopean larch separately but use the
same values as for Scots pine. These are the Guide-
lines for Timber Scaling in Czechia (Wojnar 2007)
and Tables and Polynomials for Estimating Under-
bark Volume of Logs (Cerny, Parez 2002).

Below are the individual bark deduction methods
and their formulas, or the values that were used
in the study.

(i) The diameter band bark deduction method
(DBM method — usable in the software of harvest-
crs). The double bark thickness values within the
DBM were determined for 10 diameter bands pub-
lished in GEH (Natov, Dvordk 2018) and are shown
in Table 1.

(i) The parametric linear bark deduction method
(PLM method — usable in the software of harvest-
ers), Equation (2):

DBTy y=a+MDxb (2)
where:

DBTp — double bark thickness according to the
PLM method (mm);

a b —a = 2.02, b = 0.0482 for Furopean larch logs
according to the GEH (Natov, Dvorak 2018);
MD — midspan diameter (mm over bark).

(éii) The bark deduction method according
to Valenta (VAL method — parametric nonlinear
[unction, so il cannot be used in soliware of har-
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Table 1. The double bark thickness values of the diameter
band bark deduction method (DBM) used for under-bark
volume estimation of Furopean larch timber in harvester
control and information systems

European larch (Larix decidua)

double bark thickness
(DB gy mm)

Midspan diameter
(mm over bark)

0-79 6.71
80-149 9.43
150-219 12.86
220-289 16.86
290-359 21.14
360-429 25.71
430-499 30.57
500-569 35.57
570-639 40.86
610-700 1643

DBTppy — double bark thickness according to the diameter
band bark deduction method according to the guidelines
by Natov and Dvortik (2018)

vesters). Valenta (2015) distinguishes two formulas
for determining double bark thickness, depending
on whether it is a butt log or other logs from the
tree trunk. However, since bark deduction meth-
ods in GEH (Natov, Dvoidk 2018) were derived
only from Valenta's formula for other logs, this
study used the formula for other logs for compari-
son, as shown in Equation (3):

DBTyy = (0.55436 + 0.01734 x MD'2%5) x 10 (3)

where:

DBTy,; - double bark thickness according to Valenta
(2015) in mm;

MD — midspan diameter (cm over bark).

(iv) The bark deduction method according
to the Guidelines for Timber Scaling in Czechia
(GTS — parametric nonlinear function, so it cannot
be used in the software of harvesters). Since 2002,
the Guidelines for Timber Scaling in Czechia (Woj-
nar 2007) have been used in the timber production
and trade of individual assortments. The GTS fully
govern a large number of contracts between suppli-
ers and customers. However, for calculating double
bark thickness of European larch, the same param-
eters are used as those that are set up for Scots pine
bult logs, as shown in Fquation (4):
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DBT s = (1.7015 + 0.008762 x MD455%) x 10 (4)

where:

DBTgps — double bark thickness according to Wojnar
(2007) in mm;

MD — midspan diameter (cm over bark).

(v) The bark deduction method according to the
‘Tables and Polynomials for Estimating Under-
bark Volume of Logs (TP — parametric nonlin-
ear function, so it cannot be used in the control
and information systems of harvesters). Tables and
Polynomials for Estimating Under-bark Volume
of Logs (Cerny, Pafez 2002) use parametric nonlin-
ear function with Scots pine parameters for under-
bark volume estimation of Furopean larch timber,
as shown in Equaltion (5):

DBT,y = (0.25017 + 0.0019147 x MD'756) x 10 (5)

where:

DBT1,  — double bark thickness according to the Tables
and Polynomials for Estimating Under-bark
Volume of Logs (Cerny, Pafez 2002) in mm;

MD — midspan diameter (cm over bark).

Under-bark volume estimates. We estimated
the under-bark volume (m?®) for each log using all
five bark deduction methods (DBM, PLM, VAL,
GTS, TP). To estimate the under-bark volumes,
only the M3toDF. price catlegory was used through-
out this study as recommended by Natov and
Dvorik (2018). Therefore, Equation (1) was used.
However, in this case, the value of midspan diam-
cter (MD; ¢cm) used in Equation (1) was the value
obtained by subtracting the double bark thickness
(DBT; mm) {rom the measured midspan diameter
(MD; mm over bark), rounded down to the nearest
centimetre. By substituting the determined under-
bark midspan diameter (cm) into the lormula, the
under-bark volume (m®) was calculated. The un-
der-bark volumes, estimated via these five bark
deduction methods, were denoted as Ve Voo
Vyav Vars and Vop.

Data analyses. Descriptive stalistics were used
Lo obtain average and summary values of individ-
ual variables. The Kolmogorov-Smirnov normal-
ity Lest was used for Lesting of the data normality.
Wilcoxon matched pairs test was used to test the
differences between over-bark volumes estimated
according Lo the M3s and M3LoDF. price calegorics.

5

70

https://doi.org/10.17221/28/2024-JFS

Friedman's analysis of variance (ANOVA) was used
to test the differences between the M3toDFE under-
bark volume estimates using the DBM, PLM, VAL,
G'TS, and TP bark deduction methods. For all sta-
tistical tests, the a = 5% level of significance was
set. T'ests were conducted in the Statistica package
(Version 13, 2018). For testing differences between
under-bark volume estimates according to each
two bark deduction methods, Wilcoxon matched
pairs tests were used, followed by the Bonferroni
method for P-value correclion, in the stalistical
software R (Version 4.2.3, 2023).

RESULTS

In total, 4 345 logs produced from 637 stems
of Furopean larch were analysed. Logs were pro-
cessed by a harvester, and their over-bark vol-
umes were estimated according to two different
algorithms of M3s and M3LoDFE price calegories.
‘The mean over-bark volume according to M3s
was stalistically significantly higher (P < 0.001)
than the mean over-bark volume according
to M3toDE (Figure 1). The total over-bark volume
estimated through the M3s price category was
higher than that determined by the M3toDL price
category. This trend was consistent across all as-
sortment grades, as shown in Table 2. The highest
difference was recorded for the roundwood, and
that was almost 6%. The total under-bark volume
estimated using the VAL bark deduction method
was 819.94 m?, which was 54.09 m® (6.6%) morc
than using the GTS bark deduction method and
vice versa by 51.51 m® (6.3%) less than using the
TP bark deduction method. If we compare this
volume with the volumes determined by the har-
vester soflware, it was 2,08 m® (0.25%) less than
when using the DBM bark deduction method
and 544 m® (0.66%) more than when using the
PLM bark deduction method.

Significant differences were found [Friedman
X2 = 15.176; df (degrees of freedom) = 4; P < 0.001]
between under-bark volume estimated according
to the M3toDE price category using five different
bark deduction methods (Figure 2). When compar-
ing the mean under-bark volume estimates for cach
pair of bark deduction methods, there were statisti-
cally significant differences (all the time P < 0.001).
The mean under-bark volume using the bark de-
duction method according to Valenta (2015) was
0.1887 m®. The mean under-bark volume accord-
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Figure 1. Differences between mean over-bark volumes estimated according to the M3s and M3toDFE price categories

a, b — slatistically significant differences revealed by the Wilcoxon matched pairs Lest (a = 5%); bars — indication of standard error
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Figure 2. Differences between mean under-bark volumes estimated according to the M3toDF. price category using five
different bark deduction methods

a—c — statistically significant differences revealed by the Wilcoxon matched pairs test (a = 5%); bars — indication of stand-
ard error; PLM — parametric linear bark deduction method (Natov, Dvordk 2018); DBM — diameter band bark deduction
method (Natov, Dvoidk 2018); VAL — bark deduction method according to Valenta (2015); GTS — bark deduction method
according to Wojnar (2007); TP — bark deduction method according to Cerny and Patez (2002)
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Table 2. Measured European larch timber parameters, estimated double bark thickness and under-bark volumes,
using {ive different bark deduction methods (DBM, PLM, VAL, G'I'S, '1'P)

Assortment grade

Parameter of logs All logs

roundwood pulpwood firewood
Number of logs n =4 345 n=2023 n=2140 n=182
Mean RL (¢cm) 324 466 202 172
Mean MD (mm o.b.) 254 321 200 125
Total Vs, (m?* 0.b.) 1003.91 844.94 155.12 3.84
Total Vygeapi: (m® 0.b.) 947.84 794.37 149.67 3.81
RD (%) -5.59 -5.99 -3.51 -0.78
Mean DBT gy (mm) 17.14 21.14 13.96 10.15
Mean DBTp (mm) 18.17 22.50 14.77 10.00
Mean DBT,; (mm) 17.42 21.42 14.24 10.32
Mean DBTgrg (mm) 27.22 31.02 24.19 20.71
Mean DBTp (mm) 9.33 12.31 6.91 4.49
Total Vi (m? ub.) 822.02 689.59 129.23 3.20
Total Vi (m® ub.) 814.50 683.67 127.64 3.18
Total Vi, (m®u.b.) 819.94 688.22 128.51 3.20
Tolal Vgrg (m® u.b.) 765.85 616.66 116.50 2.69
Total Vrp (m®u.b.) 871.45 729.72 138.21 3:52

n — number of logs; 0.b. — over bark; u.b. — under bark; RI. — required length; MD — midspan diameter; Vi, — log over-bark
volume estimate according to the M3s price category; Vygpr — log over-bark volume estimate according to the M3toDE price
category; RD — relative difference between the total over-bark volume of logs estimated according to the M3s price category and
the total over-bark volume estimated according to the M3toDE price category; DBTpp, — double bark thickness according to the
diameter band bark deduction method (Natov, Dvordk 2018); DBTy; — double bark thickness according to the parametric lin-
ear bark deduction method (Natov, Dvoidk 2018); DBT\,, — double bark thickness according to Valenta (2015); DBT ;s — double
bark thickness according to Wojnar (2007); DBTyp — double bark thickness according to Cerny and Pafez (2002); Vyypy — log
under-bark volume estimate according to the M3toDE price category, using the diameter band bark deduction method (Natov,
Dvortak 2018); Vppy — log under-bark volume estimate according Lo the M3LoDE price category, using the parametric linear bark
deduction method (Natov, Dvoidk 2018); Vy,,, — log under-bark volume estimate according to the M3toDFE price category, using
the bark deduction method according to Valenta (2015); Vg1 — log under-bark volume estimate according to the M3toDE price
calegory, using the bark deduction method according Lo Wojnar (2007); V1 — log under-bark volume estimate according Lo the
M3toDE price category, using the bark deduction method according to Cerny and Paiez (2002)

ing to the diameter band bark deduction method
(Natov, Dvoidk 2018) was 0.1892 m® and deviated
least from this value. Afller that, it was the mecan
under-bark volume (0.1875 m®) according to the
parametric linear bark deduction method (Natov,
Dvotdk 2018). In contrast, the volumes according
to Wojnar (2007) and Cerny and Paiez (2002) devi-
ated the most (0.1763 m3, resp. 0.2006 m?).

DISCUSSION

In 2022, harvester technology reached 45% of the
total annual volume of timber produced in Czechia
(MoA 2023). Even though the structure of forest
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stands is slowly changing after the bark beetle out-
break and with regard to the changing natural con-
ditions duc Lo climate change, harvester technology
has and will have a significant presence in Czech
forest management. Despite the fact that the goal
of foresters is to cstablish more diverse forests
with a higher proportion of deciduous trees, fac-
tors such as suitable terrain conditions in Czechia,
the lack of forest workers working in the forest with
chainsaws or horses, the development of harvester
technology for application in thinning and process-
ing of deciduous trees and still a significant propor-
tion of conifers in forest stands in Czechia, give the
assumplion to consider the use of harvester tech-
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nology as a common harvesting method in Czechia
also in the future.

Czechia has become the epicentre of the bark
beetle calamity in Europe. In 2017-2019, the spruce
bark beetle (Ips typographus) damaged 3.1-5.4%
of the growing stock of spruce forest stands annual-
ly (Hlasny et al. 2021b). The bark calamity reached
its peak in 2020, when the total annual volume
of timber harvesting in Czechia reached 35.75 mil-
lion m® (MoA 2023). Currently, it seems that the
calamity is receding, and Czech forestry is slowly
returning to its pre-calamity state, which in the
volume of felling represents something between
15-17 million m® of timber annually. However,
the risk of another bark beetle calamity remains.
In the future, it is assumed that bark beetle calami-
ties will occur synchronously in arcas with an arca
of hundreds of kilometres due to extreme climatic
events, such as heat waves and droughts (Allen
ct al. 2015; Hlasny et al. 2021a). At the time of the
bark beetle outbreak, not much attention was paid
to the education of harvester operators. However,
now is the right time for consideration at the state
level to set educational requirements for the op-
erators of these machines. The background for
this alrcady exists — the Guidclines for Electronic
Scaling of Timber for Harvesters in Czechia (Na-
tov, Dvordk 2018) and the modern training centre
for operators of harvester technology machines
in Trutnov, managed by the Czech Forestry Acad-
emy Trutnov. Professionally trained operators will
ensure the maximum usability of these machines
— their efficiency, correct use with regard to the
protection of the forest environment and the [ulfil-
ment of all functions of the forest, and the reliabil-
ity of timber production output data.

That is why it is important to know in detail the
harvester control and information system, its set-
tling options and to understand the outputs of tim-
ber production. As in previous studies (Lowe
etal. 2019; Sedmikova et al. 2020), the results of this
study confirmed that the over-bark volumes of tim-
ber estimated according to the M3tDE price
category were underestimated compared to the
reference M3s price category. In the case of larch
timber, this difference was 5.59% (5.99% for
roundwood) — for comparison, the study by Lowe
cl al. (2019) found a difTerence of 5.67%. However,
because in Central Europe, the scaling of logs ac-
cording to Huber's formula is used as a standard,
we preler the M3LoDFE price calegory for timber
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production records and trading in the software set-
ting. In addition, we must not forget to apply a bark
deduction — timber is sold with bark, but the sales
volume is given as under-bark volume. In the har-
vester system, only the band or parametric linear
bark deduction models can be applied (polynomial
is not supported by software).

‘lhe Guidelines for Electronic Scaling of Timber
for Harvesters in Czechia (Natov, Dvordk 2018)
make it possible to select the DBM and PLM meth-
ods for bark deduction, both compiled according
to the Valenta (2015) model. Valenta (2015) con-
structed a polynomial model for the bark deduction
of larch based on bark measurements of larch logs
at various locations in Czechia. 'The results of this
study showed that the estimated under-bark vol-
ume by using the VAL bark deduction method (Va-
lenta 2015) was only 0.25% smaller than using the
DBM bark deduction method, and 0.66% larger than
using the PLM bark deduction method. It is thus
possible to use both methods, which, according
to Natov and Dvotdk (2018), are listed in the GEH.
It may be easier for the harvester operator to use
the PLM method when setting up the production
of assortments for larch because he enters only two
parameters. 'lThe results of our research show that
the under-bark volumes of larch timber were sig-
nificantly different when using GTS (Wojnar 2007)
and TP (Cerny, Patez 2002). 'The volume accord-
ing to VAL was 6.6% higher compared to GTS but,
on the contrary, 6.3% lower compared to TP.

'The differences are due to the fact that for the
bark deduction of larch, in the case of GTS, the ta-
bles for bark deduction of Scots pine butt logs are
used, and in the case of TD, the tables for bark de-
duction of Scots pine other (normal) logs are used
(i.e. larch timber is assigned to the group under
Scots pine). Valenta (2015) found that only in short,
2 m long, butt logs was larch bark thickness equal
to or greater than that of pine butt logs. 'lhe use
of these models for larch in forest management can
lead to inaccuracies and commercial disputes.

CONCLUSION

‘The difference found in the produced over-bark
volume of larch timber when using the price cat-
egory M3s compared to M3toDE reached 5.59%
(for logs 5.99%), which was comparable to the study
by Lowe et al. (2019). However, for use in Czech
forestry, due Lo standardised procedures for scaling
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Table 3. Comparison of the total under-bark volume of produced larch timber according to different bark deduction

methods used in this study

Bark deduction method

Total volume estimate (m® u.b.) Differences (%) from VAL

Usable in harvester software

DBM (Natov, Dvoidk 2018) 822.02
PL.M (Nalov, Dvorak 2018) 814.50
VAL (Valenta 2015) 819.94
GTS (Wojnar 2007) 765.85
TP (Cerny, Paiez 2002) 871.45

0.25 yes (individual values)
0.66 yes (linear equalion)
- no (non-linear equation)
6.60 no (non-linear equation)
-6.30 no (non-linear equation)

u.b. —under bark; DBM — diameter band bark deduction method; PLM — parametric linear bark deduction method; VAL — bark
deduction method according to Valenta; GTS — bark deduction method according to the Guidelines for Timber Scaling

in Czechia; TP — bark deduction method according to the Tables and Polynomials for Estimating Under-bark Volume of Logs

timber based on the Huber formula, it is currently
necessary to use the M3toDE. price category. There-
fore, this price category was also used when com-
paring under-bark volumes according to different
bark deduction methods. The results revealed that
differences exist between all the five methods in-
vestigated. However, the volumes estimated by the
DBM and PI.M methods, which can be used in har-
vesters, recach low differences compared to the
VAL method, 0.25% and 0.66%, respectively. In con-
trast, the GTS and TP methods, which are used today
in Czech forestry Lo estimate volumes of individual
logs, underestimate by 6.6% (the difference between
VAL versus GTS) and overestimate by 6.3% (the dif-
ference between VAL versus TP). This is due to the
use of values from the tables for the bark deduction
of Scols pine, not Furopean larch directly, in the
GTS and TP methods. Table 3 presents a summary
of the compared bark deduction methods.

Detailed knowledge of harvester control and in-
formation systems is currently necessary for the
operator of these machines. Without this knowl-
edge, it is not possible to ensure the correct and
effective use of harvester technology in Czech for-
ests, which have experienced a massive bark beetle
outbreak in recent years and are currently trans-
forming stands into more diverse forests with the
use of forest management practices that are closer
to nature. It is therefore important to pay atten-
tion to sub-topics, such as the processing of larch
timber and the possibility of estimating its over-
and under-bark volume. Understanding this sub-
issue will help in training operators and acquiring
comprehensive knowledge aboul the [unction-
ing of harvester software. It will also help in maxim-
ising the economic effect when trading larch timber,
the price of which is higher compared to other eco-
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nomic conifers (spruce, pine, fir). For this reason,
the machine operator must correctly determine the
tree species (in this case, European larch) and have
an appropriately set al.orithm for the production
of assortments (including the price category and
bark deduction method). In further studies, it is
necessary to focus on other sub-issues of the effec-
tive use of harvester software and the comparison
of common forestry practices in the production
and trading of timber in order to be able to explain
possible differences, for example, between the re-
cords of timber production from a harvester and
when using a chainsaw.
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5.3 Rozdily mezi stanovenim objemu diivi za vyuziti riznych
algoritmii dostupnych ve vyrobné-evidencnich systémech
harvestort

Originalni nazev: Differences in Timber Volume Estimates Using Various

Algorithms Available in the Control and Information Systems of Harvesters

Lowe, R.; Sedmikova, M.; Natov, P.; Jankovsky, M.; Hejcmanova, P.; Dvorak,
J. Differences in Timber Volume Estimates Using Various Algorithms Available in
the Control and Information Systems of Harvesters. Forests 2019, 10, 388.
https://doi.org/10.3390/f10050388

Clanek se zaméfuje na analyzu metod pouZivanych pro stanoveni objemu vyiezi
dle standardu StanForD a srovnani rozdili objemi vyfezli podle jednotlivych algoritmi
téchto metod. Ze 14 rGznych typt cen, které StanForD nabizi pro stanoveni objemu
vytezu a jeho tfidéni, bylo identifikovano sedm riznych algoritmi (A1-A7) pro stanoveni
evidovaného objemu vyiezu. Algoritmus A2, vyuzivany pfi nastaveni typu ceny M3s
nebo Log, byl povazovan za referencni, protoze objem stanoveny timto algoritmem by
mél nejlépe odpovidat skutecnému objemu vytezu (Skogforsk, 2012). Do studie bylo
zahrnuto celkem 231 196 vytezi. Byly zjistény statisticky vyznamné rozdily mezi objemy
vyfezii ur€enymi riznymi algoritmy, kromé porovnani algoritmli A2 a A3, kde rozdil
nebyl vyznamny. Po rozdé€leni vytezii do jednotlivych sortimentii se ukazalo, Ze
vyznamné rozdily existuji i mezi objemy v ramci kazdé skupiny sortimentti podle riznych
algoritml. Ve skupiné sortimenti Kulatina, kterd obsahovala nejcennéjsi vytezy, byl
celkovy objem stanoveny algoritmem A5 o vice nez 6 % niz$i neZ objem stanoveny
algoritmem A2. To je vyznamné, protoZe algoritmus AS je béZné pouZzivan v nékterych
zemich stiedni Evropy véetné CR pro uréovani objemu kulatiny pii t&7bé diivi

harvestorovou technologii.
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Abstract: Timber is the most important source of revenue in forestry and, therefore, is necessary
to precisely estimate its volume. The share of timber volume produced by harvesters is annually
growing in many European countries. Suitable settings of harvesters will allow us to achieve the
most accurate volume estimates of the produced timber. In this study, we compared the different
methods of log volume estimation applied by control and information systems of harvesters. The aim
was to analyze the price categories that can be set up in the StanForD standard and to determine
the differences between the algorithms used for log volume estimations. We obtained the data from
*STM files collected from March 2017 until June 2018 on a medium-size harvester. We analyzed
price categories and found seven different algorithms used to estimate the log volumes.  Log
volume estimates according to Algorithm A2 were considered as standard because these estimates
should be closest to the true log volumes. Significant differences, except the difference between
Algorithm A2 and Algorithm A3, were found between log volumes estimated by different algorithms.
After categorization of logs to assortments, the results showed that significant differences existed
between algorithms in each assortment. In the roundwood assortment, which contains the most
valuable logs, a difference of more than 6% was found between the log volumes estimated by
Algorithm A5 and Algorithm A2. This is interesting because Algorithm A5 is widely used in some
Central European countries. '[o obtain volumes closest to the true volumes, we should use Algorithm
A2 for the harvester production outputs. The resulting differences between the algorithms can be
used to estimate the volume difference between harvester outputs using the different price categorics.
Understanding this setting of harvesters and the differences between the price categories will provide
users useful information in applied forest management.

Keywords: bucking; log; StanForD; stem file; tree measurement; TimberMatic; CTL method

1. Introduction

Timber is the most important source of revenue in forestry. Besides grade, which affects the
price per unit, it is necessary to precisely estimate volume and weight to quantify the amount of
merchantable timber. Incorrect estimates of timber quantity affect the economic vitality of enterprises
and forest owners. Besides the effects of the accuracy of the estimates on revenue, they also have a
function on a socictal level, serving as inputs into records and being used in industrial statistics.

Forests 2019, 10, 388; doi:10.3390/f10050388 www.mdpi.com/fjournal/forests
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There arc many different ways of measuring timber. Mecasurements can be manual or automatic,
depending on the logging method and technology. Timber can be scaled based on diameter measured
either over or under bark [1]. For automated measurements that are rapid and accurate, there is no
reason not to scale immediately after felling. In fact, it enables precise record keeping in forestry and
reduces risk of losing timber during handling.

The use of manual, semiautomatic or automatic measurement is closely related to logging
methods. Pulkki [2] describes five logging methods used around the world. He distinguishes between
cut-to-length (CTL), tree-length, full-tree, whole-tree, and complete-tree logging methods. These
methods differ in the form and size of logs hauled from the forest immediately after logging [3].
The CTL logging method can be described as a series of operations, in which standing trees are
converted to timber assortments directly at the stump [4]. The assortments are produced during forest
harvesting to increase net revenue early in the production chain [5,6]. The frequency that the CTL
method is used varies between countries. Almost all logging in Sweden, Finland, and Norway is
carried out by the CTL method [7,8]. The CTL method plays an important role in other European
countries as well; in Estonia, 80% of all timber is logged by the CTL method, whilst in Latvia, 70%;
Germany, 65%; Spain, 60%; and Italy, 60% [8]. Similarly, the share of the CTI. method in the total
amount of annual logging is increasing over the long term in countries such as the Czech Republic [9]
and Poland [10], mainly due to the popularity of harvester technology. The reason for the increasing
usage of harvester technology is that mechanized harvesting increases productivity and reduces costs
and damages compared to motor-manual harvesting [11]. In the Czech Republic, the share of the CTL
method reached 34% of total annual logging in 2017 [12], though this proportion may continue to grow
to at least 50% [13].

Harvesters automate the measurement of log dimensions and subsequent volume estimation. If a
machine is properly calibrated and set up, the outputs from its control and information system can
be accepted as an accurate estimate of the amount of harvested timber by that machine. Although
the harvesters are capable of measuring lengths with the accuracy in centimeters and diameters in
millimeters [14], Czech forestry is lacking a standard that would govern the acceptance of these
measurements by official records. This is also true for Germany and other European countries [15].
On the other hand, the outputs from harvesters can be affected by measurement errors, practices used,
and bucking procedures [6]. For harvester outputs to be considered trustworthy in forestry record
keeping, it is necessary for the forestry community to become familiar with the functioning of control
and information systems.

Machine manufacturers supply the harvesters equipped with control and information system suites,
often containing several separate software products. This software provides means of communication
with the measuring sensors placed on the harvester head and converts the measured data (pulses
and voltages) into metrics (lengths and diameters). Diameters of a log are recorded every 1 to 10 cm
of its length—this distance depends on the control and information system and the standard file
type. The measured data are stored in a unified data format, according to the StanForD) standard.
This communication standard allows data transfer between harvesters from different producers
without problems. It was developed and is maintained by Skogforsk, the Forestry Research Institute
of Sweden. The original StanForD was developed in 1988, and in 2011, an updated version was
published. The updated version was named StanForD 2010 and the original was renamed to StanForD
Classic [16]. In the Czech Republic, most of the harvesters still use StanlForD Classic, which specifies
data in more than 20 standard file types, such as *K'TR files for control measurement data, *.PRID files
for production data, *.STM files for stem information, *.APT for bucking instruction data, and so on [17].
The StanForD) offers a selection of 14 different price categories [18]. The price category defines the
algorithm for volume estimation from the measured data (diameters and lengths) and also determines
which diameter of the log (midspan or top-end) determines the inclusion of the log into individual
assortments [19].
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To cnable the cfficient use of any technology, we must study all relevant characteristics connected
to it. Several aspects of using the harvester technology were studied, such as the damage to logs
by feed roller spikes [20-22], the impact of heavy machinery on soil [23], harvester efficiency and
performance [24,25], bucking optimization [26], harvester productivity [27-29], time consumption
analysis [30-32] and harvester operators [33]. However, one key aspect of the harvester technology has
been largely neglected in the scientific literature: the control and information systems and standards
connected with their settings to achieve the most accurate volume estimates of the produced timber.

Therefore, this study compares the different methods of log volume estimation applied by the
control and information systems of harvesters in conjunction with different price categories. The aim of
this study was to analyze the price categories and to determine the differences between the algorithms
used for log volume estimations. The algorithms use different parameters and calculation procedures
to estimate the log volume. Therefore, we expect them to provide significantly different estimates of
log volume, regardless of the assortment considered. It is important to consider this in the forestry
practice, as even a seemingly minuscule error in volume estimation (e.g., due to using an inappropriate
algorithm) can have a severe effect on the timber production in large-scale harvesting operations.
Errors in volume estimation directly affect revenues, because they manifest in the amount of timber
supplied to the market. This is especially true for roundwood, the most valuable assortment produced.
Understanding this setting of harvesters and the differences between the price categories will provide
users useful information in applied forest management.

2. Materials and Methods

2.1. Data Collection

The data were collected from March 2017 until June 2018 on a medium-size John Deere 12701
harvester. The machine was equipped with the TimberMatic control and information system and with
a Waratah 480C harvester head. In the Czech Republic, the vast majority of harvesters use StanForD
Classic. Therefore, a harvester using this standard was selected for this study. The harvester was
owned by a private forest company. Harvests included mainly final felling and took place in Central
Bohemia, South Bohemia, Vyso¢ina and South Moravia Regions of the Czech Republic (Figure 1).

Figure 1. Map of the Czech Republic showing the Regions from where the harvester data originated.
These regions are marked in gray: (a) Central Bohemia Region; (b) South Bohemia Region; (¢) Vysotina
Region; (d) South Moravia Region.
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We dealt with *STM files that contained lengths and diameters along 10 cm length increments of
each recorded stem. T'or the purpose of this study, a total amount of 40,930 *STM files were used. In this
study, we analyzed Norway spruce (Picea abies [1..] Karst.) timber. Data from *.5TM files represent a total
amount of 231,196 spruce logs. To ensure the accuracy of the measured lengths and diameters, a control
measurement was performed at the beginning of each working day. In the control measurements,
the harvester felled from three to five trees, which were processed into logs. The harvester recorded the
log lengths and diameters and created the *.STM control tree files. Subsequently, the harvester operator
imported the *.STM data from the control and information system of the harvester into the Haglof
Digitech Professional II digital caliper with Kermit communication, equipped with the Digitech Tape
and remeasured the logs. The caliper was set to automatic and used Skalman 6.11 software (Haglof
Sweden AB: Langsele, Sweden). In this setting, the harvester operator was guided for measurement
locations by audio alerts of the caliper. When the control measurements were finished, the caliper
created a *.KTR file. This file contains deviations between the log lengths and diameters as measured
by the harvester and the caliper. If more than 20% of the diameters differed by more than 4 mm or more
than 20% of the lengths differed by more than 2 ¢m, the harvester measuring device was calibrated.
The calibration was realized by transferring the *.KTR file from the digital caliper to the harvester
on-board computer. The TimberMatic software (1.19, Deere & Company: Moline, Illinois, USA) allows
for the performance of automatic calibration of length and diameter gauges in the harvester head from
the *K'TR file according to StanForD Classic.

2.2. Price Categories and Volume Estimation Algorithms

The TimberMatic software had 14 price categories pre-set. The description of each price category
contained information about the algorithm used for the log volume estimation and also information
about the diameter used for sorting the logs to individual assortments [18]. Some price categories
differed only in using a different diameter to determine the assortment of the log, and their algorithm
for the calculation of the log volume estimate remained the same. If some price categories were not
described in detail [18], they were excluded. Two price categories were excluded from this study.
They were the Board feet price category, which is not defined in the standard due to the very large
number of different calculation methods that exist [18], and the M3sB price category, where the bulk
volume is calculated with the default diameter and length of the bundle [34]. Other price categories
were divided into groups according to the algorithm used to estimate the log volume. Price categories
that contained the same algorithm for the log volume estimate were merged. This way, we ended up
with seven different algorithms for the calculation of log volume estimates according to StanForD
(Table 1).

Table 1. Seven algorithims (A1-A7) for log volume estimations according to StantorD. Price categories
were merged to algorithms based on the log volume estimating algorithm.

Algorithm Name of the Price Category
Al M3to (code 1); M3tos (code 14)
A2 M3s (code 2); Log (code 3)
A3 M3sNO (code 4); LogNO (code 11)
A4 Ms3tobutt (code 5)
A5 M3toDDE (code 6); M3miDE (code 7)
A6 M3smimi (code 8); M3sm (code 10)
A7 MB3sEST (code 13)
All log diameters were measured over bark. Log volumes were estimated in m® over bark

and from the required length (nominal log length) instead of the total length (bucked length). Price
categories were described in detail by Skogforsk [18].
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Log volume according to Algorithm A1l was estimated by top-end diameter (TD) in millimeters
and required length in centimeters. The TD measurement was always performed at the end of the
required log length, i.e., 0 cm from the top end. The volume was estimated according to Equation (1):

Va1 = [ x (TD/1000)?)/4 x (RL/100) (1)

where: Vaj is the log volume (m® over bark), 7 = 3.14, TD is the top-end diameter (mm), RL is the
required length (cm).

The log volume estimate according to Algorithm A2 included price categories M3s and Log.
Skogforsk [18] states that the volume estimated by the M3s is closest to the true volume of a log, because
it measures the over bark diameter at each end of a 10 cm long section of the log. These measurements
are then averaged, thus approximating the section as a cylinder. As the feeding rollers move the stem
through the measurement devices, the machine adds up the volume of all sections calculated through
Huber’s formula until it reaches the threshold diameter for smallwood of the set price category [35].
For the last section, which is shorter than 10 cm, the real length is used in volume estimation. The total
volume of the log is then calculated as the sum of all section volumes. This reduces the possible
deviation from the true volume to a minimum. "Total log volumes according to Algorithm A2 were
taken from the *.STM file where they are automatically recorded.

Other algorithms use various measured or calculated diameters and required length of the log
to calculate volume estimates. These algorithms were added to the StandForD) standard to meet the
requirements of key timber producers and make the outputs of harvesters and other scaling methods
compatible in forestry record-keeping.

Log volume according to Algorithm A3 was estimated based on the calculated theoretical midspan
diameter of the log (TMD) and the required length. The required length in decimeters was used for
estimating the log volume. Therefore, the length measured in centimeters was rounded down to the
nearest whole decimeter. The registered diameter measured at a distance of 10 em from the top of the
log (TD19) was used for calculating the theoretical midspan diameter (TMD). The TDjo measured in
millimeters was rounded down to the nearest whole centimeter. Liquation (2) was used to calculate the
log midspan diameter:

TMD = TDyo + (RL/2/10) + 0.5 (2)

where: TMD is the theoretical midspan diameter (cm), TD1y is the diameter at a distance of 10 cm from
the top of the log (cm), and RL is the required length (dm).
Then, the log volume was calculated in dm?® according to Equation (3):

Va3 = (TMD/10)? x m/4 x RL ®3)

where: V3 is the log volume (dm? over bark, subsequently converted to m® for volume comparisons),
TMD is the theoretical midspan diameter (cm), 7 = 3.14, and RL is the required length (dm).

Log volume according to Algorithm A4 was estimated based on diameters measured at a distance
of 10 cm from the top of the log and at a distance of 10 cm from the log butt end. In the case of a butt
log (stem basce), a second diameter was measured at a distance of 50 ecm from the log butt end. Log
volume was calculated according to the following Equation (4):

Vg = /4 X RL/100 X [a X (BD1o(30/1000)* + (1 — @) X (TD10/1000)*] )

where: Va4 is the log volume (m?® over bark); 0 = 3.14, RL is the required length (cm); a is the parameter
assigned according to the length and top end diameter of the log [18]; BD1g or BDsj is the diameter at a
distance of 10 cm from the log butt end (mm) or at a distance of 50 cm from the butt end in the case of a
butt log; and TDyy is the diameter at a distance of 10 cm from the top of the log (mm).

Log volume according to Algorithm A5 was estimated based on the midspan diameter and the
required length. For volume estimation, the midspan diameter was rounded down to the nearest
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whole centimeter according to the Handelsklassensorticrung (sorting of merchantable wood; further in
text HKS) method [18,36]. The total log volume was calculated according to Equation (5):

Vas = 7 x (MD?/4/10,000) x RL/100 ®)

where: V 45 is the log volume (m® over bark), 7 = 3.14, MD is the midspan diameter (cm), and RL is the
required length (cm).

Log volume according to Algorithm A6 was estimated based on the midspan diameter and the
required length. The midspan diameter was measured in millimeters and was not rounded. The total
log volume was calculated according to Equation (6):

Vs = 7 X (MD?/4/1,000,000) x RL/100 6)

where: V4 is the log volume (m® over bark), © = 3.14, MD is the midspan diameter (mm), and RL is
the required length (cm).

Log volume according to Algorithm A7 was estimated based on the top-end diameter of the log.
The volume was calculated according to Equation (7):

Var = [ TD? x RL X (a1 + a2 X RL) + a3 x RL]/10,000 @)

where: Va7 is the log volume (m?® over bark), TD is the top-end diameter (mm), RL is the required
length (dm) with at least one decimal, a1 = 0.07995 is the tree species dependent conic factor for spruce,
ay = 0.000161 is the tree species dependent conic factor for spruce, and az = 0.04948 is the tree species
dependent conic factor for spruce (41, a2 and a3 factors are by Skogforsk [18]).

2.3. Stem Files Analysis

Data stored in the *.STM files were transferred to the MS Excel spreadsheets using the STeMa
application. The variables obtained from the *.STM files were the following: (i) tree species (SP),
(i) assortment (AS), (iii) total length (TL), (iv) required length (RL), (v) log volume according to M3s
(A2), and (vi) top-end diameter (TD). Other variables necessary for log volume estimation by particular
algorithms were calculated during the iteration of each single *.STM file by analysis of the StanForl)
variable that contains the taper curve of the produced stem and allows for the extraction of variables
that are not a direct part of the saved *.STM file by using a suitable algorithm. This way, the following
variables were obtained: (i) midspan log diameter (MD), (ii) diameter at a distance of 10 cm from the
top end of the log (TDyqp), (iii) diameter at a distance of 50 cm from the log butt end (BDsp), and (iv)
diameter at a distance of 10 cm from the log butt end (BD1p). After the batch processing of the *STM
files was finished, the data were saved in the *.CSV format. This format allows for easy conversion
to the * XI.SX format, which is suitable for further data analysis. Data in the * XL.SX format were
subsequently used for estimation of the log volumes according to the individual algorithms.

2.4. Assortment Categorization

The stem of the felled tree was cut into individual logs by the harvester. Each log represented an
assortment, meeting the tree species, dimensions, and quality requested by the customer. The harvester
operator determined the tree species and grade; the machine software then suggested the assortment
to be produced based on the quantitative parameters. We distinguished the logs into three assortments:
(i) firewood (FW), the lowest grade of timber intended for energy use; (ii) pulpwood (PW), timber
intended for production of wood pulp products; and (iii) roundwood (RW), the highest grade of
timber intended for industrial processing, such as for veneer logs, timber for the production of musical
instruments, sawn wood, poles, etc.
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2.5. Data Analyses

Tirst, we calculated the absolute (in m® over bark) and the relative (in %) differences between
the log volumes estimated by each algorithm and Algorithm A2. We also calculated the relative
differences between the log volume estimates for the seven different algorithms, differentiated by
assortment categorization. Then, we used general linear models (GLM), specifically ANOVA for
repeated measurements, to test differences in log volume estimates among the algorithms, both for
all timber together and categorized according to assortments. The post-hoc tests (Tukey HSD) were
used to find out differences between the log volumes estimates according to the respective algorithms.
Tior all statistical tests, the a = 5% level of significance was set. All tests were conducted in the Statistica
13 package (TIBCO Software Inc.: Palo Alto, CA, USA).

3. Results

Altogether, 231,196 logs were measured, and seven volume estimates were calculated (Table 2).

Table 2. Measured timber parameters and estimated log volumes.

Assortments
< All Logs
Timber Roundwood Pulpwood Firewood
Parameter

n=231,196 n=293,129 n=114,474 n= 23,593
Mean SD Mean SD Mean SD Mean SD
TL (cm) 294.9 126.7 430.0 835 2113 27.0 167.2 64.1
RT. (em) 288.6 122.3 4184 814 208.1 26.8 167.2 64.1
MD (mm) 207.4 102.0 278.8 79.7 171.0 86.1 101.9 56.4
TD (mum) 193.2 98.8 261.8 78.8 157.9 83.1 93.7 55.1
TDyy (mm) 1941 98.9 262.6 78.8 158.8 83.3 94.3 55.4

BDs (mum) 217.8 106.8 295.3 83.0 177.8 87.4 105.2 b7.2
BDy) (mm) 222.0 107.6 2994 83.9 182.4 88.6 108.0 58.0
Vaq (m3) 0.1251 0.1443 0.2431 0.1508 0.0517 0.0647 0.0149 0.0300
Vaz (m3) 0.1453 0.1650 0.2830 0.1694 0.0597 0.0725 0.0170 0.0333
Vas (m3) 0.1452 0.1636 0.2845 0.1663 0.0582 0.0682 0.0178 0.0334
Vag (m3) 0.1413 0.1594 0.2744 0.1637 0.0585 0.0696 0.0175 0.0330
Vas (m3) 0.1370 0.1560 0.2659 0.1608 0.0571 0.0708 0.0164 0.0323
Vas (m%) 0.1417 0.1593 0.2740 0.1633 0.0596 0.0720 0.0176 0.0332
Vaz (m3) 0.1420 0.1629 0.2781 0.1689 0.0570 0.0686 0.0174 0.0328
N =number of logs, TL = total length, RL = required length, MD = midspan diameter, TD = top-end diameter, TDy
- diameter at a distance of 10 cm from the top of the log, BDsp = diameter at a distance of 50 cm from the log butt end,
BDjg = diameter at a distance of 10 cm from the log butt end, V51 = log volume estimate according to Algorithm
Al, Va2 = log volume estimate according to Algorithm A2, Va3 = log volume estimate according to Algorithm
A3, Va4 = log volume estimate according to Algorithm A4, Vx5 = log volume estimate according to Algorithm A5,
Vg = log volume estimate according to Algorithm A6 and V 57 = log volume estimate according to Algorithm A7.

The absolute log volumes estimated by the different algorithms were always lower than the log
volumes estimated by Algorithm A2 (Table 3). Algorithm Al provided log volume estimates which
differed the most from those provided by Algorithm A2. The second highest difference was recorded
by using Algorithm A5. On the other hand, the smallest difference was recorded using Algorithm A3.
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Table 3. Absolute and relative differences between the log volume estimates by seven different
algorithms according to StanForD) Classic. Differences were related to Algorithm A2.

Total Volume of Logs Absolute Difference Relative Difference
Algorithm from Algorithm A2 from Algorithm A2
(m? over Bark) (m? over Bark) %
Al 28,914.92 -4674.31 -13.92
A2 33,589.22 0 0
A3 33,577.46 -11.76 —0.04
A4 32,662.77 -926.46 -2.76
A5 31,684.32 -1904.90 —5.67
A6 32,753.76 —835.46 —-2.49
A7 32,835.02 —754.20 -2.25

The relative differences between the log volume estimates were also determined for the seven
different algorithms differentiated by assortment. Out of 231,196 logs, 40.3% of logs were roundwood
assortments, 49.5% of logs were pulpwood assortments and 10.2% of logs were firewood assortments
(Table 4). The total volume of the logs according to Algorithm A2 was 33,589.22 m® over bark, out of
which roundwood assortments accounted for 78.5%, pulpwood assortments for 20.3%, and firewood
assortments for 1.2%.

Table 4. Relative differences between the log volume estimates by seven different algorithms according
to the assortment’s categorization (roundwood, pulpwood, firewood). Differences were related to

Algorithm A2.
Assortments
Algorithm Roundwood Pulpwood Firewood
Total Relative Total Relative Total Relative
Volume of Difference from Volume of Difference from Volume of Difference from
Logs Algorithm A2 Logs Algorithm A2 Logs Algorithm A2
(m® over o (m? over o (m® over o
Bark) . Bark) * Bark) <
Al 22,643.54 -14.08 5919.51 -13.38 351.87 -12.51
A2 26,353.27 0 6833.7. 0 402.18 0
A3 26,495.77 0.54 6661.30 =2.52 420.39 4.53
A4 25,554.26 -3.03 6696.71 -2.01 411.80 2.39
A5 24,759.89 —6.05 6537.43 —4.34 387.00 -3.78
Ab 25,519.29 -3.16 6819.89 -0.20 414.91 3.16
A7 25,895.78 -1.74 6528.71 —4.46 410.53 2.08

There were significant differences in the mean log volume estimates among the algorithms
(Figure 2a). Algorithm A2 estimated the highest mean log volume and was similar to Algorithm A3.
The smallest log volume was estimated by Algorithm A1l. Calculations according to assortments
followed similar patterns with minor differences (Figure 2b). For the roundwood assortment, the highest
log volume was estimated by Algorithm A3, followed by the lower log volume estimated by Algorithm
A2. Algorithm Al provided the smallest log volumes estimates and was followed by Algorithm A5.
For the pulpwood assortment, the highest log volume was estimated by Algorithm A2, followed by the
significantly lower log volume estimated by Algorithm A6. The smallest log volume was estimated by
Algorithm Al and the second lowest log volume was estimated by Algorithm A5. For the firewood
assortment, the highest log volume was estimated by Algorithm A3, which was followed by Algorithm
A6. The smallest log volume was also estimated by Algorithm Al and the second lowest volume was
estimated by Algorithm A5.
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Figure 2. Differences in mean volume estimates per log by different algorithms (a) of all logs together,

(b) according to assortments. Different letters indicate significant differences revealed by post-hoc
Tukey HSD tests (a = 0.05); assortments were tested separately. The error bars indicate a 0.95 confidence

interval. There were no significant differences only between Algorithms A2 and A3 in the group of all
logs together (a-a) and between Algorithms A4 and A7 in the firewood assortment (c3-c3).
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4. Discussion

The results showed significant differences between the log volumes estimated by different
algorithms used in the control and information systems of harvesters. A comparison of the obtained
results with other studies could not be carried out because we were unable to find suitable scientific
literature dealing with the evaluation of volume differences according to the price categories of
StanForD. Differences between the volumes estimated by the individual algorithms were related to
Algorithm A2. As Skogforsk [18] states, the volume estimated by the Algorithm A2 should be closest
to the true volume of the log. However, even this volume estimation algorithm is not absolutely
precise; as Hohmann et al. [15] state, harvesters underestimate the log volume by —0.45% on average,
compared to the water immersion technique.

The large difference between Algorithm A2 and Algorithm A1 can be explained by the parameters
they use to estimate the volume. Algorithm Al is based on cylindrical volume to estimate the log
volume and uses the top-end diameter as the diameter value. Naturally, the top-end diameter is the
smallest value that can be used and will result in a substantial underestimation of the log volume, so it
is inappropriate for detecting the truc log volume. However, it can be assumed that Algorithm Al was
never intended to provide a true log volume, but apparently to provide a value reflecting the volume
available for full-length sawn products.

The second largest difference was found between Algorithm A2 and Algorithm A5. According
to Algorithm A5, the log volume is estimated based on the measured midspan diameter. ITowever,
its value is always rounded down to the nearest whole centimeter. This is in accordance with the
HKS method [35] described in detail by Wojnar [37]. Thus, if Algorithm A5 is used to determine the
volume of harvester timber production, this cannot be considered as a true timber volume which is
felled and hauled from the forest. The large difference was interesting because Algorithm A5 is used
in the M3toDE and M3miDE price categories that are used in Central European countries such as
Germany, the Czech Republic, Austria, Slovakia, and Hungary. For example, in the Czech Republic,
these price categories are recommended because they ensure that the timber volume reported by
the harvester will be comparable to the timber volume determined according to the Recommended
Rules for Timber Measurement and Sorting in the Czech Republic 2008 [37]. Thus, we deliberately
significantly underestimate the volume of timber production.

Itis also very interesting to compare the volume results according to Algorithm A5 and Algorithm
A6. These two methods differ in one key aspect: Algorithm A6 does not require rounding down
the midspan diameter because it is not based on the HKS method. Therefore, the directly measured
midspan diameter, in millimeters, is used for the volume estimation. Estimating the volume based on
precise midspan diameter halved the margin of error to 3.18% (1069.44 m®). Therefore, we recommend
working with the accuracy of diameter measurements harvesters provide [14] and not round the
measured diameters for volume estimation.

Both Algorithm A4 and Algorithm A7 showed a difference in estimated log volumes of less than

"

% compared to Algorithm A2. Algorithm A4 uses Equation (4) that contains the “a” parameter,
the value of which varies with the log length and top-end diameter. The values of the “a” parameter
are listed in [18]. Also, Algorithm A7 uses Equation (7) for log volume estimation. The log volume is
estimated by using the top-end diameter of the log and the conic factors whose value depends on the
tree species [18]. Thus, the difference from Algorithm A2 could be different if we were to estimate the
log volumes of tree species other than the Norway spruce.

Algorithm A3 proved to estimate the volume closest to the benchmark Algorithm A2.
This difference was the lowest one and was the only statistically insignificant difference. Algorithm A3
estimated the log volume based on a cylinder with a theoretical midspan diameter of the log and the
measured log length rounded down to the nearest whole decimeter. [Towever, the diameter used
to estimate the theoretical midspan diameter was actually measured 10 ecm from the top of the log.
This measured diameter is always rounded down to the nearest whole centimeter. The calculation
of the theoretical midspan diameter is based on a standard stem taper that is 1 cm diameter per 1 m
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length. Such a standard taper is in accordance with what is stated in [38] for sawlogs. Then, 0.5 cm
is added to the calculated theoretical midspan diameter for compensation of the previous rounding.
Then, the Huber’s equation [35] is used to calculate the log volume. Equation (3), used to calculate the
volume according to Algorithm A3, thus appears to be the best alternative to Algorithm A2. However,
if we focused on individual assortments, we found that there were significant differences between these
two algorithms, though the lowest difference between these two algorithms was in the roundwood
assortment. This could be due to the fact that the equation of Algorithm A3 uses the theoretical
midspan diameter that is calculated based on the principle of standard stem taper of 1 em diameter per
1 m length. This stem taper is referred to as the standard for sawlogs, which largely represents the
roundwood assortment. On the contrary, pulpwood and firewood assortments contained mainly butt
and top logs, which can taper differently than the standard rate [38].

When we compared the differences in the assortments, it was interesting to focus especially on
differences in the roundwood assortment that contained not only the highest volume of the logs but also
the best economically valued logs. In the roundwood, the results showed that a significant difference
occurred between the log volume estimates for cach algorithm pair. As compared with the overall
difference, the difference between Algorithm A5 and Algorithm A2 increased by 0.38 percentage points.
This result was interesting because it showed an increase in the volume difference in the most valuable
timber. In some Central European countries, Algorithm A5 is used for harvester production outputs
of roundwood. If we would like to use these outputs for selling timber, we would sell more than 6%
less timber than what the true volume is. In the case where this underestimation is not reflected in
the timber price, this would bring a significant economic loss to the seller, even if the machines were
properly maintained and calibrated. We should require credible outputs not only for timber sales, but
also for credible timber production records.

Log volumes estimated by Algorithm A2 were the highest in the pulpwood and the second highest
in the roundwood. However, in the firewood assortment, the volume estimated by Algorithm A3,
Algorithm A4, Algorithm A6, and Algorithm A7 was higher than that estimated by Algorithm A2.
This can be due to the fact that the firewood grade contained logs of small dimensions. Procedures for
estimating the log volume of firewood logs according to some algorithms are not entirely appropriate
for these small dimensions and therefore overestimate the true log volume.

This study was focused only on spruce stems. Generally, cutting and processing coniferous trees is
preferred for harvesters. The influence of tree species cannot be ignored when discussing mechanized
harvesting [25]. 'There are still problems when harvesting broadleaved trees by machines associated
with delimbing [39], taller stumps in coppice stands [40], and also larger shavings of the bark and
the lateral surface of processed assortments [41]. Defects on stems and large branches, which are
particularly common in some broadleaved tree species, can cause measurement errors for both the
log length and diameter [42]. These errors can significantly affect the precision of volume estimations
through various algorithms.

It is necessary to perform regular control measurements of harvester measuring systems and,
if necessary, to calibrate the harvester. Regular calibration improves the accuracy of the harvester
measurement system [43] and ensures that the volume outputs are credible. Different methods can be
usecd for manual control measurements. In this study, a digital caliper equipped with a digital tape was
used. The combination of a digital caliper and a digital tape is faster, more accurate, and more efficient
than conventional analog measuring devices. We strongly recommend using this method to calibrate
the measuring system of harvesters. Performing regular control measurements and calibration of the
machine measuring system secures sufficient measurement accuracy of the timber volume production.

For these results, it is also necessary to note that the log volume estimates in this study were
expressed as volumes in m® over bark. In this manner, volumes are free from potential inaccuracies
caused by the estimation of volume under bark. Marshall et al. [44] dealt with the effects of bark
thickness estimates. It is important to note that the resulting volumes compared in this study cannot be
compared with the true total volume of logs because timber volumes in this study do not include the
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volume of the allowance to the required length and the cutting window volume. The length allowance
means the addition of length to some assortments for cross-cutting or other processing, and the cutting
window is an addition to the length for ensuring a cut-point tolerance of the harvester measuring
sensors, which increases the performance of the machine. In the Czech Republic, the recommended
allowance is 2% of the required log length, and the recommended cutting window is within a range
from 0 cm to a maximum of 4 cm [19]. The total volume of harvested timber also differs from the
volume of standing timber because it does not contain a share of logging residue volume estimates [45].

5. Conclusions

In this study, we revealed significant differences between the log volumes estimated by different
algorithms used in the control and information systems of harvesters. The results showed that if
we want to use harvester production outputs for timber sales and record keeping, it is necessary
to distinguish how the log volumes were estimated. Algorithm Al proved to be an inappropriate
algorithm for estimating the true log volume. There was no significant difference between the log
volumes estimated by Algorithm A3 and Algorithm A2. In the roundwood assortment, a difference of
more than 6% was found between the log volumes estimated by Algorithm A5 and Algorithm A2.
This is an interesting result, especially for some Central European countries, where Algorithm A5 is
preferred in harvester production outputs.

To obtain volumes closest to the true volumes, we should use Algorithm A2 for timber production
outputs of harvesters. These conclusions are true if the goal is to obtain the most accurate total timber
volume that can be used for timber sales and for precise forestry record-keeping. If the measurement
would have a different goal, e.g., to estimate the amount of timber for board production, using a
different algorithm could be appropriate.

However, the outputs of timber production are useful only if credible. Therefore, it is necessary to
perform regular control measurements of the harvester measuring systems and, if necessary, to calibrate
the machine. The resulting differences between the algorithms can be used to estimate the volume
difference between harvester outputs using different price categories. Further research could be focused
on what share of timber is not registered in harvester production outputs due to the length allowance
and the cutting window of logs.
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5.4 Dalsi publikovane ¢lanky

Tyto Clanky se také zabyvaji vyrobné-evidenénim softwarem harvestort, ale

nejsou piimo propojeny s cili v zadani disertacni prace. Dizertant je jejich spoluautorem.

Dvoték, J., Lowe, R., Natov, P., Jankovsky, M., Sedmikova, M. Unrecorded
volume of Norway spruce timber in cut-to-length harvesting. Scandinavian Journal of

Forest Research 2020, 35(7), 383—-393. https://doi.org/10.1080/02827581.2020.1815829

Clanek s nazvem ,Neevidovany objem smrkového diivi pfi vyrobé diivi sortimentni
tézebni metodou.* Tento vyzkum navazuje na tieti ¢lanek z této disertacni prace a vénuje se
urceni podilu neevidovaného objemu diivi, faktické ztraté, ktera vznika jako piidavek

k délce vytezu pti vyrobé smrkového diivi pomoci harvestorové technologie.

Lowe, R., Sedmikova, M., Natov, P., Dvorak, J., Jankovsky, M. Analyza
neevidovaného objemu diivi v pridavcich k délce vyrezu pri vyrobé smrkového drivi
harvestorovou technologii. Zpravy lesnického vyzkumu, 2019, 64(4):207-216,
https://www.vulhm.cz/files/uploads/2020/01/577.pdf

Clanek se zaméfuje na stanovenim podilu neevidovaného objemu dfivi v piidavcich
k délce vytezii (nadmérky a fezaci okno) pii vyrobé smrkového difivi harvestorovou
technologii. Cilem studie bylo urcit tyto podily na celkovém objemu obchodovatelného
drivi a také ve skupindch sortimenti. Vysledky mohou byt vyuZity pro stanoveni
neregistrovaného objemu diivi v pfidavcich k délce a doplnéni zdznamii lesniho

hospodatské evidence.
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6 Diskuze

V roce 2022 bylo téZzeno harvestory 45 % z celkového ro¢niho objemu diivi
vyrobeného v CR (MZe, 2023). I kdyz se struktura lesnich porostt po kiirovcové kalamité
a s ohledem na ménici se ptirodni podminky v dasledku klimatickych zmén pomalu méni,
harvestorova technologie ma a bude mit v ¢eském lesnim hospodéistvi své vyznamné
zastoupeni. Piestoze lesnici usiluji o zaklddani pestiejSich lesit s vySsim podilem
listnatych dievin, faktory, jako vhodné terénni podminky v CR, nedostatek lesnich
délnik pracujicich s motorovymi pilami nebo koifimi, rozvoj vyuziti harvestori ve
vychovnych t&Zbach a stile vyznamny podil jehli¢nant v lesnich porostech v CR
naznacuji, Zze harvestory budou i nadale béZzné vyuzivanou technologii v tézbé diivi
v budoucnu. V budoucnu nelze vyloudit 1 vyS§i pouzivani harvestorové technologie
v listnatych lesnich porostech nebo v porostech s vysSim zastoupenim listna¢l, nebot’ je
snaha projektantti stale vice prizptisobovat mechanizaci, predev§im konstrukci téZebnich

hlavic, témto vyrobnim podminkam (Mederski et al., 2022).

Cesko se stalo epicentrem kiirovcové kalamity v Evropé. Lykozrout smrkovy
(Ips typographus) poskodil v letech 2017-2019 ro¢né 3,1-5,4 % porostni zasoby
smrkovych lesnich porostli (Hlasny, Zimova, et al., 2021). Kiirovcova kalamita dosahla
vrcholu v roce 2020, kdy celkovy roéni objem tézby diivi v CR dosahl 35,75 milionti m?
(MZe, 2023). V soucasné dob¢ kalamita ustupuje a Ceské lesnictvi se pomalu vraci do
piedkalamitniho stavu, ktery v objemu t&Zby piedstavuje 15-18 miliont m* diivi ro¢né.
Riziko dal$i klrovcové kalamity vSak pietrvavd. Do budoucna se pfedpoklada, Ze
ktrovcové kalamity budou v oblastech o rozloze stovek kilometr probihat synchronné
v disledku extrémnich klimatickych jevi, jako jsou viny veder a sucha (Allen et al., 2015;
Hlasny, Merganicova, et al., 2021). V dob¢ propuknuti kiirovcové kalamity nebyla
vénovana velka pozornost vycviku operatorti harvestori. Nyni je vSak ten spravny Cas
zvézit na narodni Grovni stanoveni poZzadavkil na vzdélani obsluhy téchto stroji. Zazemi
pro to jiz existuje, at’ jiz ve formé statnich ¢i soukromych vzdelavacich center (napf.
moderni Skolici stfedisko pro obsluhu operatorti harvestorti v Trutnoveé spravované
Ceskou lesnickou akademii Trutnov nebo $kolici centrum firmy Merimex s.r.0.), tak
ve formé& odbornych publikaci (napt. Doporucena pravidla pro elektronicky piijem diivi
harvestory v CR 2018 (Natov & Dvotak, 2018)). Odborné vyskolena obsluha zajisti

maximalni vyuzitelnost téchto stroji — jejich efektivitu, spravné pouzivani s ohledem na
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ochranu lesniho prostfedi a plnéni vSech funkci lesa a spolehlivost a transparentnost

vystupnich dat produkce dfivi.

Proto je dilezité detailn€ znat funkce vyrobné-planovacich, vyrobné-evidencnich
a vyrobné-logistickych softwarti harvestori, moznosti jejich nastaveni a rozumét
vystuptim, které nam poskytuji, pfedevsim o produkci diivi. Publikované védecké clanky
potvrdily, ze objemy dfivi s kirou, stanovené podle typu ceny M3toDE, byly
podhodnoceny oproti referencnimu typu ceny M3s. V pfipadé¢ modfinového drivi (druhy
¢lanek) byl tento rozdil 5,59 % (u kulatiny 5,99 %), pro srovnani u smrku (tfeti ¢lanek)
byl zjistén rozdil 5,67 %. Protoze se vSak ve stiedni Evropé, na zakladé specifického
historického vyvoje lesniho hospodaistvi v CR, standardné pouziva stanoveni objemu
diivi podle Huberova vzorce, preferujeme pro evidenci produkce diivi a obchodovani
v softwarovém nastaveni typ ceny M3toDE nebo M3miDE (pouzivaji stejny algoritmus
pro stanoveni objemu). Dfivi se prodava s ktirou, ale obchodovatelny objem je udavan
bez kiiry. V systému harvestoru lze pouzit pouze pasmové nebo parametrické linearni

modely odpocty kiiry (polynom neni podporovan softwarem).

6.1 Objem dfivi s klirou a bez kliry u modfinu

Doporuéena pravidla pro elektronicky piijem diivi harvestory v CR 2018 (Natov
& Dvorak, 2018) umoznuji zadat pasmovy odpocet nebo parametricky (linedrni) odpocet
pro uréeni dvojnasobné tloust’ky kiiry, obé metody sestavené podle modelu VAL (Valenta,
2015). Valenta (2015) zkonstruoval polynomickymodel pro odpocet kiry modfinu na
zakladé méfeni kiiry modfinovych kment na riiznych mistech v CR. Vysledky této studie
ukazaly, ze odhadovany podkorni objem pfi pouziti metody odectu kiry VAL (Valenta,
2015) byl pouze o 0,25 % mensi neZ pii pouZiti pAsmového odpoctu kliry a 0 0,66 % vétsi
neZ pii pouZiti odpoctu linednim modelem. Je tak mozné pouzit ob&€ metody, které jsou
podle Natova a Dvotéka (2018) uvedeny v Doporucenych pravidlech pro elektronicky
ptijem diivi harvestory v CR 2018. Pro obsluhu harvestoru miize byt jednodussi pouzit
linearni odpocet pii nastavovani vyroby sortimentli pro modfin, protoZe se zadavaji pouze
dvé hodnoty. Vysledky ukazuji, ze objemy modiinového feziva bez kiiry byly vyrazné
odlisné pii pouziti Doporu¢enych pravidel pro méfeni a tfidéni diivi v CR 2008 (Wojnar,
2007) a Tabulek a polynoml pro vypocet objemu kulatiny bez kiiry podle sttedové
tloustky méfené v kife (Cerny & Patez, 2009). Objem dle VAL byl 0 6,6 % vyssi oproti

Doporuéenym pravidlim pro méfeni a t¥idéni diivi v CR 2008 (Wojnar, 2007), naopak
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0 6,3 % nizsi oproti Tabulkdm a polynomm pro vypocet objemu kulatiny bez kliry podle
sttedové tloust’ky méfené v kiite (Cerny & Patez, 2009). Rozdily jsou zptisobeny tim, Ze
pro odpocet kiiry modiinu se v ptipadé Doporucenych pravidel pro méteni a tiidéni diivi
v CR 2008 (Wojnar, 2007) pouzivaji tabulky pro odedet kiiry kment borovice lesni, stejné
tak v ptipad¢ Tabulek a polynomt pro vypocet objemu kulatiny bez kliry podle stfedové
tloustky méfené v kiie (Cerny & Paiez, 2009). Rozdil je viak zpisoben tim, Ze Wojnar
(2007) vyuziva pro odpocet kiry modiinu tabulky pro oddenkové vyfezy borovice,
zatimco Cerny a Patez (2009) tabulky pro b&Zné vyiezy borovice, tzv. borovice — kiira.
Valenta (2015) zjistil, Ze pouze u kratkych oddenkovych vytezl o délce 2 m byla tloustka
modriinové kury stejna nebo vétsi nez u borovych kment. Pouziti téchto modelt pro

modiin v lesnim hospodaistvi mize vést k nepiesnostem a obchodnim sportim.

6.2 Objem dfivi s klirou a bez kliry u borovice

Celkovy objem diivi bez kiry vSech vyrobenych vyiezii borovice lesni stanoveny
podle typu ceny M3s byl 0 6,48 % vyssi nez celkovy objem stanoveny podle typu ceny
M3toDE. Signifikantni rozdil byl také zjistén u primérnych objemu vytezi bez kiry
stanovenych prostiednictvim typli cen M3s a M3toDE, a to jak u vSech vyftezl
dohromady, tak u jednotlivych skupin sortiment. Podobné vysledky byly zjistény i ve
tretim Clanku, pfi analyze kment smrku ztepilého. Zjistény rozdil mezi celkovymi
objemy téchto dvou typl cen byl 5,67 %, statisticky vyznamny rozdil byl zjiStén ve

skupinach sortimentt kulatiny, vldkniny i palivového diivi.

U oddenkovych vytezi jsme zjistili, Ze rozdil mezi objemy M3toDE s kiirou a bez
kary byl nejvétsi pfi pouziti linedrniho odpoctu a nejmensi pifi pouziti pasmového
odpoctu. PfestoZe byl statisticky vyznamny rozdil mezi linedrnim odpoctem a odpoctem
ktry dle Wojnara (2007), relativni rozdil mezi témito metodami byl pouze 0,93 %
z celkového objemu kiiry. Ve srovnani s ostatnimi kmeny borovice lesni s normalni kiirou
byl také rozdil mezi objemem s kiirou a bez kliry nejvetsi pii pouziti linearniho odpoctu
a nejmensi pii pouziti pasmového odpoctu, zatimco relativni rozdil mezi linearnim
odpoctem a odpoctem dle Wojnara (2007) byl vyrazné vyssi a dosahl 2,82 %. Podle
vysledkll nékterych studii maze kira tvofit 6 % az 20 % celkového objemu vyfezu
(Cellini et al., 2012; Wehenkel et al., 2012). Liepins a Liepins (2015) zjistili, Ze pramérny
podil kiry na kmeni borovice lesni se pohybuje od 5,5 % do 34,5 %. Tento rozptyl lze

vysvétlit pfedevsim vlivem stafi stromu a jeho velikosti. Tloustku kiiry ovliviiuje také
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podnebi, tvar a forma kmene, kvalita stanovisté, zemépisna Sitka a dalsi aspekty
(Laasasenaho et al., 2005; Sonmez et al., 2007; Wilhelmsson et al., 2002). Existuje také
nekolik variant struktury kliry borovice lesni (Jelonek et al., 2009).

Pfi pouziti paAsmového odpoctu kiiry a parametrického linedrniho odpoctu kiry
linearnim modelem se pouzivaji riizné parametry pro vytezy s hrubou kiirou (oddenkové
kusy) a ostatni vyfezy s normalni tloustkou kiiry. V této studii byly tyto metody
aplikovany na jednotlivé kmeny, aby se prokazaly rozdily v tloust'’ce kiiry. V praxi se vSak
po pokéceni stromu musi operator harvestoru rozhodnout, zda zvoli odpocet kiiry pro
borovice-borka nebo borovice-ktira, a pak se tento typ pouzivd pro vSechny vyiezy
vyrobené z kmene. Vyrobné-evidenéni software harvestorti neumoznuje volit parametry
odpoctu kiry pro kazdy kmen. Pro ziskani spolehlivych vystupti z harvestori je nutné

provadét pravidelna kontrolni méfeni a v ptipadé potieby kalibraci harvestoru.

Chceme-li mit srovnatelné stanoveni objeml vyfezii borovice lesni vyrobené
harvestory se stanovenim objemi diivi bez kiiry podle DPD (Wojnar, 2007), méli bychom
zDPE (Natov & Dvotdk, 2018) preferovat vyuziti pasmového odpocet kury pred
parametrickym linedrnim odpoctem. Protoze vyuziti parametrického odpoctu kiry
s linearni funkci je jednodussi a Setfi operatorovi Cas, mlizeme zvazovat vyuZiti této
metody u oddenkovych vytezii s hrubou kiirou (borovice-borka), u kterych byl rozdil mez
témito metodami nizsi nez 1 %. Je vSak dileZité poznamenat, Ze srovnavané stavajici
metody odhadu dvojité tlouStky klry jsou zaloZzeny na databdzi dat, ktera byla
shromaZzd’ovana na nasem tUzemi v 70. letech 20. stoleti. Jako doporuceni pro dalsi
vyzkumy se proto jevi jako vhodné aktualizovat tuto databazi dat pro rlistové podminky
CR, nebot napi. Stingle & Dormann (2018) a Stingle et al. (2017) zjistili, Ze produkce

kiry ze stromti v Némecku se v podobném casovém tuseku snizila.

6.3 Typy cen a jejich algoritmy pro stanoveni objemu

U tfetiho ¢lanku, ktery se zabyval porovnavanim objemi smrkového diivi
stanovenych dle riznych algoritmi, byly veSkeré hodnoty objemi vyjadieny v metrech
krychlovych s ktirou. Tento ptistup pomaha predejit potencidlnim neptresnostem, které by
mohly vzniknout z pouziti riznych metod odpoctu kliry pii stanoveni objemu diivi bez

ktry.

Vysledky ukdazaly statisticky vyznamné rozdily mezi objemy stanovenymi

riznymi algoritmy pouzivanymi ve vyrobné-evidencnim systému harvestort. Skogforsk
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(2012b) uvadi, Ze objem stanoveny Algoritmem A2 (typ ceny M3s a Log) by mél byt
nejblize skute¢nému objemu vytezu. Nicméné ani tento algoritmus pro stanoveni objemu
neni absolutné ptfesny, podle Hohmanna a kol. (2017) harvestory podhodnocuji objem

kment v priméru o -0,45 % ve srovnani s technikou ponoteni vytezl do vody.

Nejvétsi rozdil byl mezi Algoritmem A2 a Algoritmem A1(M3to, M3tos), a to
kvali parametriim, které Al pouziva k stanoveni objemu. Algoritmus Al urcuje objem
vytezu na zéklad¢ vypoctu objemu vyfezu ve tvaru valce a jako hodnotu tloust’ky pouziva
gepovou tloustku. Cepové tloustka je piirozené nejmensi hodnotou, kterou lze pouZit,
coz vede k vyraznému podhodnoceni objemu vyiezu, a proto je tento algoritmus
nevhodny pro zjiStovani skute¢ného objemu. Je pravdépodobné, Ze algoritmus A1 nebyl
zamyslen k pfesnému urceni skute¢ného objemu vytezi, ale spiSe k stanoveni objemu,

ktery je vyuzitelny pfi pilaiském zpracovani stromu celych délek.

Druhy nejvétsi rozdil byl zjiStén mezi algoritmem A2 a algoritmem AS (M3toDE,
M3miDE). Podle algoritmu A5 se objem vytfezu stanovuje na zéklad¢ stfedni tloustky
v milimetrech, pficemz tento primér je vzdy zaokrouhlen na nejblizsi cely centimetr. To
odpovida metod¢ HKS (BW-HKS, 1983). Tento velky rozdil je zajimavy, protoze
algoritmus A5 je pouzivan v typech cen M3toDE a M3miDE, kter¢ se uplatiiuji v zemich
sttedni Evropy, jako jsou Némecko, Ceska republika, Rakousko, Slovensko a Mad’arsko.
Napiiklad v Ceské republice jsou tyto typy cen upfednostiiovany, protoze zajistuji, ze
objem dfivi registrovany harvestorem bude srovnatelny s objemem diivi stanovenym
podle DPD (Wojnar, 2007), které zaroven predstavuji uznavany narodni standard pro
krychleni dfivi. Timto zplisobem se vSak vyrazné podhodnocuje objem vyprodukovaného

drivi oproti skute¢nému objemu diivi.

Zajimavé je také porovnat vysledky objemt stanovenych pomoci algoritmu A5
a algoritmu A6 (M3smimi, M3sm). Tyto dvé metody se odliSuji v jednom zasadnim
aspektu. Algoritmus A6 nevyzaduje zaokrouhlovani sttedové tloustky na celé centimetry,
protoze neni zalozen na metodé HKS. Pro stanoveni objemu se tak pouziva pifimo méfena
sttedni tloustka v milimetrech. Takto stanoveny objem snizil chybu ptiblizné o polovinu,
na 3,18 % (1069,44 m>). Proto je vyhodné&jsi pouzivat pfesné naméfené hodnoty tloustky,
které¢ z elektronického méfeni umoziuji evidovat harvestory, a ne je pti vypoctu objemu

zaokrouhlovat.
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Algoritmy A4 (M3tobutt) a A7 (M3sEST) ukazaly rozdil v stanoveném objemu
diivi mensi nez 3 % ve srovnani s algoritmem A2, oba tyto algoritmy pouzivaji pro
stanoveni objemu vyfezii rovnice. Algoritmus A4 pouziva k vypoctu objemu rovnici
obsahujici parametr "a", jehoz hodnota se 1isi podle délky vyiezu a Cepové tloustky.
Algoritmus A7 pracuje také s cepovou tloustkou a dale pouziva tzv. konické faktory,
jejichz hodnota se méni v zavislosti na druhu dieviny (Skogforsk, 2012b). Pokud bychom
stanovovali objemy vyfezi u jinych dievin nez smrku ztepilého, mohl by se rozdil oproti

algoritmu A2 lisit.

Algoritmus A3 (M3sNO, LogNO) se ukazal jako nejblizs§i k algoritmu A2.
Zaznamenany rozdil byl nejmensi a byl jediny statisticky nevyznamny. Algoritmus A3
stanovuje objem vyfezli na zédklad€¢ vélce s teoretickou stfedovou tlouStkou vytezu
a délkou zaokrouhlenou na nejbliz§i celé¢ decimetry. Tloustka pouzitd pro urceni
teoretické stfedové tloustky byla ve skute¢nosti méfena 10 cm od Cepu vytezu. Tato
naméfena tloustka byla navic zaokrouhlena na nejbliz§i cely centimetr. Vypocet
teoretické stfedové tloustky byl zaloZen na standardni sbihavosti tzv. ,,plnodievnosti®
(ubytek 1 cm tloustky na 1 m délky). Tato sbihavost odpovida tomu, co uvadi Hamilton
(1975) pro pilatské vyiezy. Kvili predchozimu zaokrouhlovani se k vypoctené teoretické
sttedové tloust’ce piipocte 0,5 cm. Poté se k ur€eni objemu vyfezu pouzije Huberova
metoda (Husch et al., 2003). Algoritmus A3 se tedy ukazuje jako nejvhodnéjsi ndhrada za
algoritmus A2. Nicméné, pii zaméfeni na jednotlivé skupiny sortimentt zjistime, Ze mezi
objemy vypoctenymi témito dvéma algoritmy existuji vyznamné rozdily. Nejmensi rozdil

byl zaznamenan ve skupiné sortimentii Kulatina.

Pti analyze rozdilti mezi sortimenty bylo obzvlasté zajimavé zaméfit se na skupinu
Kulatina. Tato skupina totiz pfedstavovala nejen nejvétsi celkovy objem diivi, ale také
nejcennéjsi obchodovatelné vytezy. Vysledky ukdazaly, Ze stanoveni objemu riznymi
algoritmy se vyrazné liSily. Ve srovnani s celkovou odchylkou, tedy aniz by byly vytezy
rozdéleny do jednotlivych skupin sortimentli, se rozdil mezi objemy stanovenymi
algoritmem A2 a algoritmem A5 zvysil o 0,38 %, na celkovych 6,05 %. Vysledek tak
ukazal narlst rozdilu v objemu pfi vyrob€ nejhodnotnéjsich sortimentl. Algoritmus AS
se v neékterych sttedoevropskych zemich pouziva k evidenci vyroby kulatiny. V ptipad¢,
ze bychom chtéli harvestorové vystupy vyuzit k prodeji diivi, ptisSli bychom o vice nez

6 % skute¢ného objemu dfivi, coZ by znamenalo zna¢nou finan¢ni ztratu.
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Je dllezité vSak poznamenat, Ze vysledné objemy dfivi srovnavané v této studii
nelze srovnavat se skute¢nym celkovym objemem kulatiny, protoze objemy diivi v této
studii nezahrnuji objem piidavku ke jemnovité délce a objem fezaciho okna. Piidavek
k délce znamena ptidani délky k nékterym sortimentiim pro pticné nebo jiné zpracovani
a fezaci okno zajist'uje toleranci fezného bodu méticich snimact harvestoru, coz zvySuje
vykon stroje. V CR je doporuceny piidavek k délce 2 % jmenovité délky vyiezu
a doporucené fezaci okno v rozmezi od 0 cm do maximalné¢ 4 cm (Natov & Dvorak,
2018). Celkovy objem vyrobeného diivi se také 1i§i od objemu dieva stromti nastojato,

protoze neobsahuje podil objemu téZebnich zbytkl (Gendek et al., 2018).
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7 Zavér a doporuceni pro praxi

Cile stanovené v této disertacni praci byly splnény. Cilam (i) ,,Analyza typt cen
a metod odpoctu kiiry popsanych ve standardu StanForD, urceni rozdili mezi témito
nastavitelnymi parametry a doporuceni vhodného nastaveni téchto parametrii ve vyrobné-
evidenénim softwaru harvestorti pro vyuziti v podminkach lesniho hospodaistvi Ceské
republiky“ a (ii) ,,Porovnani objemt vyiezii s kirou abez kury stanovenych dle
vybranych typii cen a metod odpoctu kiry pti vyrobé diivi harvestorovou technologii,
véetné analyzy objemovych rozdili mezi jednotlivymi vyrabénymi skupinami sortimentt
u vybranych druhti jehli¢natych dievin® se vénovaly ¢lanky 1, 2 a 3, cili (iii) ,,Analyza
vhodnosti vyuziti linedrni metody pro odpocet objemu kiry, sestrojené pro ristové
podminky dfevin v CR, ve vyrobné-evidenénim softwaru stroje v porovnani s metodou
pasmovych srazek pro odpocet tloustky kiiry u vybranych druht jehli¢natych dfevin®
¢lanky 1 a 2.

Stanoveni objemu kmenii borovice lesni bez kiliry prostfednictvim typu ceny
M3toDE vedlo k vyraznému podhodnoceni ve srovnani s referenc¢nim typem ceny M3s.
U modtinového dfivi tento rozdil dosahl 5,59 % (u skupiny sortimentti Kulatina 5,99 %).
Nicméné pro pouziti v eském lesnictvi je kviili standardizovanym postupiim pro méteni
diivi na zdkladé Huberova vzorce momentdlné¢ nutné pouZzivat typ ceny M3toDE.
U borovice piiblizné 20 % objemu oddenkovych vytezi tvofila klira, zatimco u ostatnich
borovicovych vyfezl to bylo méné nez 10 %. Studie ukazaly, Ze parametrickd metoda
s linearni funkci pro odpocet kiiry poskytuje odlisné vysledky ve srovnani s referencnim
stanovenim dle Wojnara (2007), zatimco rozdily u pasmového odpoctu nebyly vyznamné.
Proto diirazné doporucujeme pouZzivat pasmovy odpocet pro srovnani vystupii harvestoru
s metodami v DPD (Wojnar, 2007). Pokud budeme trvat na nastaveni parametri
z linearniho modelu pro odpocet kiry, jelikoz je jednodussi a ¢asove uspornéjsi, 1ze jej

vyuzit u porostl borovice s hrubsi klirou.

Vyzkum také odhalil vyznamné rozdily v objemech vytezl stanovenych raznymi
algoritmy pouZivanymi ve vyrobné-eviden¢nich softwarech harvestord. Pro spravnou
evidenci a vyuZiti vystupl z harvestorti k prodeji diivi je nutné rozliSovat, jak byly
objemy vypocitany. Zjistilo se, ze algoritmus Al je nevhodny pro evidovani objemu
vyfezl, zatimco mezi algoritmy A2 a A3 nebyly zjiStény vyznamné rozdily. Algoritmus

A5 vykazoval o vice nez 6 % nizsi objem u smrkového kulatinového diivi nez algoritmus
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A2, coz je dilezité pro zemé stfedni Evropy, kde se tento algoritmus pouziva. Abychom
ziskali co nejpiesnéjsi objem dfivi, je nutné vyuzivat algoritmus A2. Tento algoritmus
v§ak neni aktualné v souladu se standardy pro krychleni diivi v CR. Pro porovnatelnost
vystuptl s aktudlné vyuzivanymi pravidly k obchodovani se diivim (Wojnar, 2007), je
tieba vyuzivat algoritmus AS. Tyto vysledky zduraziuji potfebu pravidelnych kontrolnich
meéfeni systéml harvestori a ptipadné kalibrace, aby byly vystupy evidence dfivi
divéryhodné a validni. Vysledky studie mohou slouzit k lepSimu pochopeni fungovani

softwar( harvestorti a optimalizaci jejich vyuziti v lesnické praxi.

Vysledky téchto vyzkumt jsou vyuzitelné v lesnické praxi. Podrobné znalosti
ovladani harvestort a jejich vyrobné-evidenc¢nich a vyrobné-planovacich softwart jsou
v soucasnosti pro operatory téchto strojii nezbytné a zajisti presnéj$i méfeni diivi. Bez
téchto znalosti neni mozné zajistit spravné a efektivni vyuziti harvestorové technologie
ve spojitosti s evidenci vyroby diivi v ¢eskych lesich, které v poslednich letech zazily
masivni kiirovcovou kalamitu a nyni jsou pfeménovany na rozmanitéjsi lesy s vyuzitim
ptirodé blizkych lesnickych postupl. Pro lesnickou praxi je také dilezité vénovat
pozornost dil¢im tématiim, jako je naptiklad zpracovani modiinového diivi a moznost
stanoveni jeho objemu s klirou a bez kiiry. Pti obchodovani s modiinovym diivim to mtze
pomoci maximalizovat ekonomicky efekt, jelikoZ jeho cena je vyssi ve srovnani s jinymi
hospodarsky vyznamnymi jehlicnany (smrk, borovice, jedle). Z tohoto diivodu musi
operator stroje spravn¢ urcit druh stromu a mit vhodné nastaveny algoritmus pro vyrobu
sortimentl (vcetné typu ceny a metody odpoctu kiry). Vysledky publikovanych ¢lanki
pomohou zvysit informovanost 0 moZnostech nastaveni vyrobné-eviden¢niho systému
a pfi jejich aplikaci do v budoucnu moZzném povinném skoleni pro operatory harvestoru,
piispéji k validité elektronického piijmu dfivi harvestory. V dalSich studiich je nutné se

zaméfit na dal§i dil¢i témata efektivniho vyuziti softwaru harvestorti, naptiklad

problematiku neevidovaného objemu vyrabéného diivi.

Vysledky tohoto vyzkumu maji pozitivni dopad na lesnickou praxi tim, Ze umoZzni
presnéjsi méteni diivi zpracovavaného pomoci harvestorti. To povede k lepSimu vyuziti
dfevni suroviny, minimalizaci ztrat a zvySeni efektivity pii t€zbé a zpracovani diivi. Tyto

zmény mohou piinést vétsi ekonomickou efektivitu i udrzitelnost lesniho hospodafstvi.
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8 Seznam pouzitych zkratek

CTL

CR

DPD

DPE

ha

HKS

MZe

StanForD

TaP

VAL

cut-to-length - sortimentni metoda tézby
Ceska republika

Doporuéend pravidla pro méfeni a téidéni diivi v CR 2008 (Wojnar,

2007)

Doporucena pravidla pro elektronicky pifijem diivi harvestory

v CR 2018 (Natov & Dvoiak, 2018)

hektar

Handelsklassensortierung, tfidéni obchodovatelného drivi
metry nad mofem

metr krychlovy

Ministerstvo zemédélstvi CR

Standard for Forest Machine Data and Communication

Tabulky a polynomy pro vypocet objemu kulatiny bez kliry podle

stiedové tloustky métené v kite (Cerny & Paiez, 2009)

polynomicky model pro odpocet kiiry modfinu (Valenta, 2015)
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